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INTRODUCTION , ■ ^ 

Many colleges and ' universities throughout' the United States have ' 
.recognized the importance of the study of nuclear sciSnce and radio- 
isotopes in the .undergraduate curriculum. The reasons for this reali- 
zation are twofoldi First, tomorrow's citizen is^ without question r 



^ going to live in a world '^hat is much more dependent on nuclear ' - 
energy and technology thah most- of ^ us realize at this time. Many of 
us think that the only practical and economical solution to the energy 
crisis is through nuclear energy at least until well after the year 
2000, The ultimate eaergy needs of^ the United States will most likely 
be provided by a combination of numerous types of energy sources: 
nuclear fission and fusion, breeder reactors, solar and geothermal 
energy, as well as fossil fuels, 

^ A secortd reason for studying radioisotopes lies in their applica-- 
tion to certain analytical problems in chemistry, physics, biology, ^ 
medicine and environmental science. As an examtDle, neutron activation 
analysis is for many elements one of the" most sensitive analytical ^ 
techniques known. With the proper ^election of pre and post chemical 
preparation techniques, sensitivities of the order of one nanogram may 
be obtained by this technique for many elements. x-ray fluorescence is 
another good exarrtplte of a strong quantitative and qualitative technique 
that has recently been employed quite extensively for trace element 
analysis of environmental, geological, and biological samples. These 
techniques have been applied quite successfully not only to . the areas 
of physics and chemistry but alSe-^to the areas of biology, geolbgy, 
environmental science, and medicine. It is Clear that today^s science 
student needs a working - knowledge of .these "state of the art" tech-- 
niques. ^ This is the first of a series of manuals to be published in the 
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. areas of physics and chemistry, biology , geology, and environmental 
science. . . , ^ . 

The experiments th|t are included in this manual for the frtost , * 
part re/resent "state of the art" techniqiies which should be within, 
the budgetary c6nstra±nts , of a single physics or chemiitry . department . 
--^r smaiier colleges or unlveTB±tWsr;l^^may"pe^ 

for a consortium of departments ;^to share equipment costs. The experi- 
ments presented in the manual would probably be termed advanced; howev#r 
many of these experiments have been per formed successfully by under- 
graduates at various institutions inaugurating this- text, A number, of 
other fine texts and laboratory manuals have been written on what might 
be termed basic radiation measurements* For your convenience, we have . 
listed a number of tft^se i^n the general bibliography, Appendix VIIl/^ 

The laboratory manual qontains a collection^of five modules/ each 
of which consists of one or more related or similar experiments. The 
modular approach allows- one to present theoretical or introductory 
material in much greater detail for a collection of related experiments. 
In general, each module will contain a one or two page introduction 
concerning the usefulness of the experiments and techniques to be studied 
and a guide to the different types of experiments to be encountered in 
the module; broad learning objectives of the module; and. a prerequisites 
section which will contain a list of those necessary skills which every 
student should have before attempting the experiments in the module. 
The necessary prerequisites are given in the form of pre^test questions 
.with answers to be found in the back of the module. Each module also 
contains theoretical section which presents broad discussions of 
topics which are common to all of- the experiments in the module. 
Following this introductory material are a number of similar experiments. 



, . Each experiment contains specific objectives, an introduction, 
\ list of necffssary and optional equipment, experimental data accuAiulat ion 

:and analysis proaedures, discussion of results, post^test questions 
to ev^luats the students compif eh#nsion ^ coniputer programs avail^blB, 
optional work which may be dpne as an extension of the fexperimene, and 
adaitional references which rnay be used by^the student to' de^eldp the ; 
experiment into a senior ^^^^search project* ' 

Following the collection of related eKperiments ar'e the 
' solutions to the pre-^test and post-test questions for ^all of the experi- 
ments. ^ - ^ 

One should not necessarily expect a student to perform all of the 

. expferiments in a particular module but rather to do those experiments 

consistent with the goals of the institution's advanced laboratory 

course and the equipment available. The experiments are generally 

designed for a. 3-4- hour laboratory period for student groups of" 2 or 3.. 

For some experiments, more' than one laboratory period may be required. ' 

i 

The authors wish to acknowledge the valuable assistance received 
from the many consultants that have made this pro ject possible * We 
also wish to tl^ank the fifty or so reviewers of the earlier version 
of this manual .for their valuable time and effort in evaluating these 
experiments.' . ' . 

While we have attempted to correct all errors in typing and 
procedures,^ somfe . invariably will occur. Wc assume completB responsi- 
bility for any and all such errors and hope that future readers' of this 
manual will inform us of them. . * . 

Jerome L. Duggan - ' ' 

Floyd D. McDaniel 
Jack Hehn 
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= , MODULE ONE 



X-RAY FLUORESCENCE 



A Module on Photon-Excited X-Ray Fluorescence 



INTRODUCTION 



> 



■ ' ^^ay fluorescence is a very poWarful analytical technique 
which used fo^r the detectti-on of trace impurities. Basically, 
the^ method involves bombarding a sample with photons from a radio- 
active source or other ^sources of photons while observing the 
characteristic X fays from the sairl^le, ^ The X-rays produced in / 
the sample are counted w^th a high-resolution X-ray ^ detector an/ 
are characteristic of the elements present in the sample,^ With 
this method it is now possible to do quantitative analysis on a 
samplG containing as many as twenty elements* The method wide - 

applioation in the fields of biology^ chfmistry^ physics, geology, 

'and environmental sciences and has also been used' quite extensively 
for industrial problems and pollution analysis^. At- present, the 
detection limits are fairly well established -at approximately L*jO 
part per million. .In addition to the sensitivities found in X-ray 
fluorescence studies, the method has the added advantage that it 
is a nondestructive type of '^a^plysis ^ i*e* the samples may be 

*used again. 



I 



The module consists of six experiments which may be perfprmed 
by Che student. ' In the first threr experiments the student will ^ 
be- introduceg^ to the different' detectors and techniques used in 
X-ray fluorescence^ studies . The advantages and disadvantages of 
the various detectors will be emphasized'! The 4th and 5th experi-' 
ments are more advanced and are designed for the student who ha% 
completed either Experiments 1 or 2 or has had some experience with 
Si(Li) or Ge (Li) ' detectors . Experiments 4 and 5 have environmental 
and geochemical applications. The 6th experiment is a tube-'exGi ted 
X-ray fluorescence experiment which^represents the^ "state of the 
art" in photon-excited X=ray fluorescence* Sensitivities available 
with this technique are about a factor of 10 better than with 
source=excited methods but require a larger capital investment. 

Following this' introduction are the objectives for th^ module, 
a list of desirable prerequisites for the student to have before 
attemptirig this module, and a theoretical section which fli^cusses 
some of the basic physical concepts and the nomendlature used in 
X=ray fluorescence studies, - 



OBJECTIVES ^ • " . 

^ , _ 

The objectives of, the modulp are to familiarize the student 
"with the detectors, equipment, and techniques used in photon^^ ^ 
excited ^ X-ray f lyorescGnce , Conmonly used X'-ray detectors will 
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be employed^ to measure- the energies of X rays producia'd in various ' 

samplee* Thele, energy spectra will be calibrated with X-ray 

sources of known energy* , The calibrated *spectrim wilL then be 

used to Hetermirte the energies of X rays from unknown sources; ^ ^ 

and hence/ to identify the unknown Elements present* 

■ ' ^ ■ ; ■ ■ . ■ 

PREREQUISITES WITH PRETEST QUESTIONS AND PROBLEMS 

1. Characteristics of Electromagnetic Radiation: t 

a) wavelengths .of differeht types, 

b) relajtiopLphip betyeen wavelength/ frequency/ and velocity/ and 
q) relationship between energy and frequency of ra#iat40n/ 

Planck's constant. 

1*1 Whatsis the frequency of electromagnetic radiation that has 
' a wavelength of one angstrom (10""® cm)? 

1.2 Wh^t £s the energy in keV of a photon of this frequency? 

2. Electron yolt (eV)./ keV, MeV= , ^ . . ' 
2*1 What is the definition of^an electron volt? 

) • • " ' ' 

2.^ How is the eV related to the multiples keV, MeV, GeV? 

3* Postulates of the Bohr Theory ^f the Atomi . ^ 

3.1 State the postulates , of the Bohr thepry, 

3.2 An X--ray photon is emitted in an electronic transition between 
the K and L shells of aa atom with a frequency of 8.4 5 x 10 
oscillations per second* What is the total energy difference = 
between the two electronic orbits? 



Coulomb Force* 



4.1 What is the magnitude and direction of the coulomb force 
between two electrons 5.0 cm apart? -= 

4.2 What is the nuclear coulomb barrier height in MeV for a 10 /^leV 
alpha particle incident upon an atom of zinc of mass number 

A = •^64? 



5, Exclusion Principle: 
5.1 How doies* the exclusion principle apply to atoms? 

i 

- = 10 



6, Interaction of Electromagnetic Radiatidn with Hatf ert 

a) photoelectric effect 

b) ^qmpton effect 

pair production 

S.r -^hat AS the 'maximum^kine^c lenergy of an electron ejected # 
from the surface of a metatl by the photoelec#tfic process if 
the work required to free ' t1^ electron from the surface is'" 

eV and^ ultraviolet light of^^f reguanciL..lflAl..qy^c^^ 
used to illuminate the surface? 

6.2 Show that for the Compton effect it is not possible to con- 
- , J serve 'both total relativistic energy and momentum if an 

essentially free electron absorbs all of the energy dtf an 
• incident quantuin. ^ ' ■ 

7. Electron Capture and Internal! Conversiont 

7.1 Explain the differences between electron capture and internal 
conversion, ~ ' " ^ 

7.2 The^ ground state, of ^Oy decays by electron capture 70% of 
the tii^e the first excited state of S^Ti at 1.55 MeV. 
How much aftergy is availabl,^ for electron capture? 



THEORY 

The Bohr Atomt 



X rays -are electromagnetic radiation of wavelengths in the 
range from 10"^ to 10"^ cm. l^e origin of X rays can best be 
axplained by referring to the semiclassical picture of the atom 
as' proposed by Bohr* In this model the" atomic electrons are 
assumed to move about the nucleus in well-defin^^ circular 
orbits under. theTTThf luence of the -coulomb attraction beteWeeni ' 
the electron andVthe nucleus, ^ 

. _ . " s^. 

Figure 1 is a representation of the atomic nucleus and the 
first ,few electronic orbits^' The orbits whicl^ are closest to the ^ 
nucleus correspond to more Negative energies , Electrons in these 
inner shells are more tightly bound to the nucleus than those in ^ 
outer orbits* # 

~' • < 

Electromagnetic radiation^ is emitted if 'an eiectronv- initially 
moving in a circular orbit of energy^ Ej^ , discontinuously changes 
its motion so that it moves in an orbit of energy^ Ef. *The fre- 
quency of the emitted radiation, v, is equal to the quantity (^E^ E 
divided by Planck's constant, h* The radiation is classified as ^ 
opt:^ca4 radiation or X radia^tion depending on its energy v/ith no 
preci^se boundary separating the two. The ©ptical radiation is 
lower ^ in energy than the X radiation and includes the visible 
speptrum* ^ ' ' " ^ 
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^ Figure 1 

A diagram dapicting the 
atomic nurcleue ' fjid the 
first few alec^^onia ^ 
orbits. 



Electronic Energy Levels , 

ti ^"S^^^ energies of the electrons in the different orbits 

ti^' -fu ® mair be -found by solving Schroedinger ■ s equa- 

tion using the nuclear coulomb potential as trie interaction poten- 
tial betwefn the negatively-charged electron and the positivlly- 

-i"^- ^^"^ °^ °^^^5e +Ze with a single elecLon, 
Ls potential is just \ ' ^ 



J 



and one fmdB that the energy of this electron is just a function 

hLl ?H^''^"f^P^'^ quantum number, n. The quantum number, nr may 

have the values n=l,2,3 and correspond to, the major electronic shells 

L, M, . . respectively. The solutions of Schroedinger '6 equa- 
tion also Identify two other quantum numbers labeled £, m, which 
correspond to- the relative orbital angular momentum between the " 

I^^^ucleus and its z-component.. £ may have the 
values £-0,1,2,. .^,.,n-l, and m may have the values m=-i, -i+1 - 
-£+2,. . .0,.,^. .-,^|-£-2,+£-l,-+£. ' . 
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.. Tn ^1 onc-olo.ctron atom .the total onc.>rqy of tlio aUn:\.rnn -lo-.V 
noE-doporld on v. or m since the potential is j.unt the nuoloar ' . 
.-coulomb potential and is exactly, proijortiohal to 1/r. 

- -In a multi-electron atom the potential as seen by each elec- 
tron IS-. affected b^ the other- electrons'' in the atom and is not"" 
exactly proportional to 1/f. This ' is called- the residual coulonib^ 
interaction. The, ,to-tal energy of - the electron will depend on ^ " 
as well as n and the result will be that the total enerqins 'of 
tho electrons m the. same shell will not be the same. For this 
reason, it is convenient to speak of each shell as being composed 
of a number of subshells, one for each value of £. Each subshell 
has a capacity of 2£ + 1 since the electrons may have z^compOnents 
of orbital angular momentum my = (-£+l)ft,. . , -0 , (£-l)fi 9fi 

The exclusion prinbiple requires that these quantum numbers be''" '' 
ditterent; for -electron^ in the same subsheli; 

If we further .consider that electrons have an - intrinsic^ spin 
angular momentum, s, with z-'components , % , of +hh and ^hh , twice 
as many electrons rriay occupy eadh subshell and not violate the ^ 
exclusion .principle since each electron may have spin-'-'"up" or 
"clown," The total capacity o'^f each subshell is therefore' 2 ( 2£ + l ) . 
The energy ordering of a few of' the aubshells are given in Table I 
for different values of n and I. The capacity of each subshell is 
given, in the last column. The configuration of the atom is given 
by specifying 6he subshells occupied by the various electrons. 
Electronic configurations for a few atoms in the ground state 
are given below. ' " =— — 

iH: ^ Is^ 

:^He : Is ^ ■ 

iLi: Is^^H^ 

23V: ls^2s-2pS3s- 3p^4s-.3d3 



In the (^ound state the electrons must fill the subshells in 
such a way as 'to minimize the total energy of the atom, and also not 
to exceed the capacity of 2(2S-Hl) electrons per subshell. The 
subshells are fillecl in order of increasing energy. 

Figure 2 shows a typical energy level diagram and a few of 
the low energy subshells. There are an infinite number of discrete 
energy Icjvels with E -:0 -and a continuum of cnergv levels with 

E ,-0. ^ -- 
n v' 

'Any iurther splitting of atomic energy levels is produced by 
the spin-orbi t interaction between thn magnetic moment of the ' 
electron spinning about its own axis and the magnetic field of 
the atom produced by the charged electron orbiUng the nucleus. 

V ■ " = 
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Energy Orafering of Electronic SuBsh^^lls 

~— '» — - 
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figure 2 

Atcimic energy levculs 
showing a few low 
energy subshells. 
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Coupling of Angular Momeritum 

^ For atoms with- small and intermediate atomic: number,* Z tho 
residual coulomb interaction is much larger thaA the spin-^orbit" 
interaction and the individual spin angular momenta of the opti- 
,^-ally active electrons couple to form a total spin angular momentijm 
tor the atom. Por an atom with i optically active- electronq (i e ' 
electrons m unfilled shellsl', 

-s^^ = li + ...^ . . + 1^ . 

S has the constant magnitude S = /s(s+l)^ and z-component S- = n,_ft 
The individual orbital angular momentum couple in the same manne?. 
to form a total orbital angular momentum for the atom: 



Li + La + . . . + L 



1 



which has the constant magnitude L = /iJTTTWl and z-component 

The smaller sgin-orbit interaction then couples the total spin 
angular momentum, S, and the total orbital angular momentum, L, to 
form the total angular momentum, 

J = L + S 

which again has the constant value j = v/jTjTTJfr and z-component 
J^— mjfi. This is called LS coupling or- Russell-Saunders^coupling/ 

For atoms with larger atomic numijer, Z, the spin-orbit inter- 
action iff larger than the residual coulomb interaction. The spin- 
orbit interaction first couples the individual spin and orbital ' 
angular momentum of each^^eloctron to form a total angular momentum 
for each electron, i.e. j, = + B, . The weaker coulomb inter- 
|ctionE^then couple the total angular momentum for each electron, 
, to form a total angular momentum for the atom, 

J = J, + J', + . . . + J 



1 



This typo of coufjling is called JJ co upling. 

The energy levels produced by either type of coupling corre- 
spond to -total angular momenta, 'i , v^hich has" the cons tant'magni tude 



J = .m^^w 

and z- component 



1 
-I 
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Th^G atomic energy levels are^ thus specified by the quantum 
numbers n , j, ^' ..^ ■ 



Infaefe^action of' Electrornaqnetlc Radi ation with. Ma.tter - ' = " 

■Electromagnetic radiation may interact with the atomic elec^ 
; trons by three processes^ Photoelectric effect^ Compton effect ^ 
and pair ^production* ^ In the photoelectric effect the energy- of' 
the incide^nt quantu.m is completely ffcsorb'ed by the atom and the 
bound electron is ejected* For a Compton encounter the quantuin 
scatters from, an essentially free electron and go^s off suffering 
only a reduction in energy. For quanta with energies greater -th^n 
. the rest mass energy of a pair of electrons^ the process of pair 
production is possible^, Here^ the quahtum of electromagnetic 
radiation completely disappears with the production of a pair 
of electrons. . ■ 

Excited States of Atoms - / 

For an atom in an * excited state, one or more electrons are 
excited to^ a higher 'energy level (more positive in^^ energy) » For^ 
tunately, in most cases the number of electrons which make the 
trans^j. tions is small* If an atom is excited by the absorption 
of eiect^roraagnetic radiation, at most only one quantum is absorbed 
by any particular atom and the quantum tends to interact with only 
one or two elecbrdns. The configuration of an atom in an excited 
state differs, from an atom in its gr-ound state in that one or at 
most a few electrons are in higher energy subshells and there are 
corresponding vacancies in the subshells from which they came* ; 

/The possible excitation of an atom may be divided into two 
primary types* . The first type corresponds to excitations in which 
an elcctx^on in one of the higher energy subshells which were occu-- 
pied in the ground state of the atom is excited/ The electron may 
^ be excited into a higher energy bound state which corresponds to 
^ a negative total energy or into a positive energy continumn state* 
If -the excitation of this electron is completely out of the atom 
into a continuum state, the atom is said to be ionized. The second' 
type of excitation corresponds to an electron in one of the lower 
energy subshells being promot&d to a higher energy unoccupied 
subshell or to , a continuum state. The exclusion'' princapTe requires 
that the electron be GKcited to an unfilled subshell rather than 
one that is alrr^ady filled* ^These two types of ^excitations are 
represented in Figure 2* ^. 



X - H ay E m i s s i o n 

An excitation of the first type requires only a few electron 
volts (cV) of TMiorgy while an excitation of the second type may 
require more tiian a 1000 oVi After an excitation of either type 
the atom will eventually retiirn to its ground state b|^ producing 



quanta of radiation, ^ The very -^hicjh .energy quanta that form ^he 
characteristic X--ray spectrum of the atom are emitted when an 
cixcitation of ^thc second type has takBn place. Tht:^ much lower 
energy quanta emitted when an atom returns to, its ground statu 
after an excitation o£ the first type form the optical spectfum' 
of the atom.. The atom de^excites in both cases as electrons in 
the higher energy ;ievels fali- into the holes left by the excited 
electrons , . . ' 

^ :\ " ■ = ■ ■ ^ ^. 

The' major difference between X^ray'^^^nd optical spectra is 
that the energies of X ray s ..:increase uni formly Jf rom element to . 
element as the atomic numbef^^ Z, increases anfl'^as no abrupt 
changes in energy from one element to the next as in optical 
spectr^a. The reason being that the energies of the character- 
istic X rays depends on the bixiding energies of the electrons 
in the inner shells. With increasing atomic number^ Z, these 
binding energies simply increase uniformly due to. the increased 
nuclear charge, and are not affected by the periodic changes in 
the numiioer of electrons in the outer shell. The atomic energy 
levels involved in the emission of rays are shown in Figure 3 ^ 
•for four of -the innermost major shells, Thc^ energy levels are 
^spccified by the quantum numbers n, j which arc given/ adjacent 
to the levels in Figure 3, The various possibilities for the K 
and L X-ray lines are also shown. 

' If the photoelectric effect occurs ' and removes a K electron 
from the atom, the most' probable event is an L electron will fall 
^ into the K shell vacancy producing the characteristic K radiation 
from that element in the sample. For example^- the radiation pro- 
duced when a Li-n electron falls Into p.. K vacancy is called thfe 
K.,, characteristic X ray. If an MjxT/'electron falls into the K 
shell vacancy a K;^;. X-ray is produced, Fo:© light elements (i.e. 
below Tin) ^thc'' most prominent X rayfe^ from an element are the 
K and the K^.; lines. 

Not all transitions are possible*in Figure 3, There -is a ^ 
sat of selection rules governing the changes in quantum numbers 
for the allowed transitions. The selection rules are: 

^ Aj ^ 0, +1 . . . 

Some oL the possible transitions which obey these rules are shown 
in Ficfurc 3 for the K and L -X rays. The X-ray line spectrum of the 
atom consists of these allowed transitions plus a few which are 
observed to be emitted very infrequently in violation of these rules 
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K X-RAYS . L X-RAYS 




ATOMIC ENERGY LEVELS 
INVOLVED IN THE EMISSION OF X-RAYS 



Figure 3 
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Bremsstrahlen 



' * In addition to the X-^ray line spectrum', one may alao cDbsei-^ve 
a continuiiin spectrum which is often called bremsstrahlen . This 
is a word of German origin which means braking radiation or 
deceleration radiation. Bremsstrahlen is produced by electrons^ 
which have been ^3ected from the atom, that have suffered Coulomb 
interaction scattering in close collisions with the nuclei of 
other atoms in the target,' 



Objective 




^ silicon 



detector for X^ray measurements; to. study the techniq.u^&s of pre- 
paring samples for fluorescing; to construct a calibra'tion curve 
with known X-ray and gammarray lines and., to use the cal^^fcjra tion 
curve to dGtei^mine the elemental composition of the unkna\^. .. ^ 
samples r to measur^e^ the resolution of a Ge(Li) deteciotf; ito 
determine the energies qf X rays from unknown radioactive.^ ^ / > 
sources . ' - . 



R u f e r e n c e s 



1* J, C. Russ, Elemental X-Ray Analysis of Materials , available 
from EDAX International/ Inc , 7 4509" Creedmoore Road, Raleii^h, 
North Carolina ($5), . ' ~ 

2, F. S. Goulding and Y, s'tone, "Semiconductor RSdiation Detectors, 
Science , 170, 280 (October 1970), 

3. G, L. Clark, The Encyclopedia of X Rays and Gamma Rays , Reinhold 
Publrshing Co.", New" "York, r9~6"37~~ ~ ~ ~ ~ 

4. F, S, Goulding and J, M, Jaklevic, Trace Element Analysis by 
X-Ray Fluorescence , TID-4 5 00, available from Clearinghouse for 
Federal Scientific and Technical Information, NBS, U, S. 
Department of Commerce, Springfield, Virginia 22151, 

5, R. D, Giauque and J, M, Jaklevic, "Rapid Quantative Analysis 
by X--Ray Spectrometry," Advances in X-Ray Analysis , Vol. 15, 



p, 266, Plenum Press, New""York, 1972/ 

6- R. Woldsoth, D,,E. Porter, and R. S, Frankel, "The Analytic 
X Ray," Industrial Research Magazine , February 1971. 

Introduction 

In this experiment we are going to use a Si (Li) detector to 
m.easurc the X rays as low in energy as 2 keV and up to about 3 0 keV. 
Normally thusc detectors show resolution capabilities^ of 200 eV or 
bottor^. Figurt3 3, for example, shows a pulse height spectrum of 
Mn with one of these detectdrs.^ From an analytic point of view 
one of the most difficult prdblem/ in X-ray spectroscopy (non-^ 
dispersive) is in trying to resolve between adjacent elements in 
the per iodic table. For exanple, let us assume that an unknown 
sample contains zinc and copper. The strong X-ray line that we 
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would sec From Zn is the line at 8,638 keV, The line from 
copper is 8.047 keV. (These, energies are listea in Appendix V of 
this manual: X-Ray Critical Absorption and Emission Energies.) 
The problem is resolving these two lines which are 591 eV apart 
in energy. This can quite feasily be done with a 200 eV resolution 
detector* 

If the student makes a careful calibration curve in accordance 
with the instructions in this report, he will easily be able to 
identify the unknowns that are provided in the latter part of the 
experiment* =- - ' " . ' 



Equipment ■ . ' • ' 

1. Lithium-Drifted Siliccjn ^X^Ray Detector and Pre-^ampl if ier 
(resolution '^^200 eV) 

2. Detector Bias Supply 

3. Low Noise Spectroscopy Amplifier 

4. Multichannel Analyzer ('"^-500 channels) 

5. Excitation Source- 25.mCi of ^ ^"^"Ccr^XTfii source m.ust; be specially 
prepared for fluorescence applications, ' See^ for example, New 
England Nuclear Corporation^ Radioactive Source Catalog, 36 Pleasant 

-. Street, Watertown, Massachusetts. Note: sources of this activity 
require state licensing.) - ^ ^ ! 

6;v Oscilloscope' (optional) 

7* Various Materials^ to be Fluoresced (for examples titanium 
foil, copper foil, arsenic powder, and yttrium metal) 

8, Nuclear Pulse Generator (optional) 



Procedure . * . - 

1. Sample Preparation f^r Calibration ' . 

The materials to be used for sarnies can be standard reagent 
grade chemicals. Usually these chem^fcls are 95-plus percent ~ pure . 
Metallic foils can be mounted dir/ect^ above the fluorescing appa-^ 
ratus or in an inexpensive sample holder. Powder samples are 4^ 
usually placed in these plastic sample holders. These holders or 
cups are designed so that the^part of the holder that faces the 
X^ray detector is a 1,25 >• 10" ■ cm Mylar film.. The cups are plas- 
tic cylinders ttvat have Mylar stretched over the bottom of the 
cylinder. . ^ 

The Mylar coffers very little attenuation either to ^the exciting 
photon coming Into the sample or the fluorescence X rays coming out of 
the medium. The plastic cups and the Mylar are nearly-free of trace 
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materials and hanccB, quite good for trace analysis work* These 
sample cups can be obtained from any of the companies that provido 
suiJplics for X-^ray analysis studies. One such company is; Somas 
Laboratories Inc., 54 East 11th Street, New York, NY 10003, 



Many manufacturers l^ppjly cups that can handle either, solid 
or liquid samples. In general sample preparation for calibration 
is quite simple and offers no real problem for the student. 



The samples tp be used in this experiment can be prepared -fyy 
the students before the laboratory period begins. ^ 



E 1 ti' cj t r Q n i c s = 



Set up the electronics as shown in Figure 1. Actually^ nuclear 
modular eleptronics is quite e§sy to *'hook up." Inputs and outputs 
are usual ly'^ cleax^ly labeled and' the lengths of connecting cables are 
in general not important. Make sure the instructor approves the set 
up before turning on the high voltage power supply. . CAUTION On some 
Si (Li) detectors the high voltage must be slowly turned to the 
x^ecommended value, M wise practice is to take about 1 minute to 
go from zero up to the r^ecommended voltage. 



CQLUMaTQR 



RING SOURCE 




MULTI 
CHANNEL 
ANALYZER 



TELETypt 



HULSE 
GENERATOR 



nSClLLDSCaPE 



Figure 1 

Electronics for Source Excited X-ray fluorescence. 



Usually the source and collimator^ are purchased from the manu-- 
facturer as a single unit, ideally , ^^his_ unit v/ould fit snugly 
over the top or the detector shown in Figure 1, Since the sources 
used for X^ray fluorescence analysis are of the order of many mCi-s, 
some precaution should be used i^ handling the sources.- The recom^ 
mended procedure is usually "included by the manufacturer in the 
instruct^ion manual. Care must also be taken to protect the thin 



berrylium window that allows the, X rays to pass into the sonsitivP 
region of the detector. ' \ ' 



These windows' are of the order of 2.5 10"-^ om or thinner- 
hence, they .will definitely break if they are touched, even 
lightly. ■ , ~ ~ — 



3. Calibration ' ■ ^ ' 'J' ' % 

a. Place the highest atomic number sample to be used in the sample 
position (Figure l)-^-in oiA case, this is yttrium. Z = 39. The 
sample should physically be about 2.0 cm or closer from the 
face of the detector. Adjust the gain of the amplifier so 
that the 14.933 keV K„ line from yttrium appears about midway 
j-n the multichannel analyzer. This roughly calibrates the 
system to 30 keV full scale. " ' \ 

b, ^ Accumulate an yttrium spoctrum in the multichannel analyzer 

tor a time period long enough to have a.iooo peak counts in .the 
K^.^ line. This should take about 3 minutes. Readout the multi- ^ 
channQl^analyzer on the teletype and record the channel position 
of the K^-^ and K;.; lines. Note, a computer program, writ ten ' in 
BASIC LANGUAGE {GAUSS-6) is included at the end "of tfhis manual 
which will find the centroid of a GAUSSIAN peak to an accuracy 
of 0.1 channQls. Actually for the purposes of this experiment, 
a visual estimate of the centroid from the multichannel will 
usually suffice. 

Accumulate spectra of arsenic, copper, and titanium, and deter- 
mine the centroids of the and lines in the samp manner 
as (b) . , ^ 

i. Plot a curve of energy vs channel number to establish the cali- 
bration curve. Table I shows^ typical caJ^ibration data that were 
ijbtained by a group of undergraduate environmental students from 
Stockton State 'College, Pomona, New Jersey, Figure 2 shows the 
corros^onding calibration curve for this data. In Table I the 
column labeled "Peak Channel from Readout" is the rough estimate 

. of where the peak is from the teletype output, ' The column 

labeled "Gai4ss,ian Fit" was obtained from the computer program 
GAUSS'-- 6 . 

Obtain the unknowns from the instructor, accumulate their spectra, 
find the centroids of the lines, assign energies from the cali^ 
bration curve; and, hence, determine what elements are prdsent 
in the unknowns. Figures 4 and 5 show typical compounds that 
arc given as unknowns. Remember for K lines the and ?( > 

energies must be correct, or at least within 100 eV of the' 
accepted values. The same is true for L lines, which are 
shown in Figure 6. L^^ , L^, , and L.^, must have the proper 
energies. . ' 
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Table 


I 








Calibration 


Data 


■ • J 


Sample 


Line 


^ Energy (keV) 
Thedry 


Peak Channel 
^from Readout 


Peak Channpal 
Gaussian " Fit 


Titanium 




4,508 


7 5 


75. 2 


Titanium 




- 4. 931 


8 3 


83. 17 


Copper 




8,041 ^ 


14 3 


143.,29 * 


Copper 




8. 907 


160 


160.0 


Arsenic 




10 . 532 


192 


191.5 


Arsenic 


Kb 


11 . 729 


214 


214 .63 


Yttrium - 




14% 933 


277 


277.41 



Kg 16 , 754 ^ 312 



2 0 ' 



K X peri rne n t a 1 f ■ q i n 1 1 



^^^^ 
Yk.- 



.^-f Tik . 



Uopu^51 . 67ov/chanael 



1 0 0 



2 00 

CUANSF.L NUMBER 



300 



350 



^ Figure 2 

Calibration curve for Si (Li) detector 




In general , if ^ one is carcatul in making the calibration curve, 
it is difficult to make a mistake on what elements are present 
in the sample. 



Data Analysis and Discussion ' ^ . , 

This method of qualitative analysis is a very strong analytic 
technique. The student is urged to read References 1, 2] 4, S, and 
6. Most of these are short articles which are written in a manner 
such that an advanced undergraduate student will understand most 
of the content of the articles. 

After reading the articles and having done this laboratory 
OKpcrimont, the student will have a better appreciation for the 
wide applicability of this technique. . ' 

In order to do quantitative analysis on an unknown sample, the 
problem is a bit more difficult. Calculations can be madts that will 
give the number of X rays that one would expect to see from a given 
source target configuration; but in general, they are quite involved. 
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Figure 4 

K X--ray spectra from typical chamicfil 
unknowns given to students. 
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Figux^e 5 

K X-ray spectra of mixed unknown samples 
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The .first problem Is calculating how many exciting photons get into 
..the san^Ie and how deepi next, the question is how many character- 
istic X ray p get out of the. sample and' into" the detector. There are 
at least six parameters that' one must consider for a g ingle element 
target. . ^ » ~ , 

Readi^tion of the Detector 

Shown in Figure 2 is the slope of the calibration curve. ^ This 
was obtained by determining the quantity (dE/dc) where dE is the. 
difference ir/ energy between the Y Kg' anS the Ti Kp^ , do is the 
corresponding channel difference. ^ The resolution of the detector 
is the channel spread across the peak multiplied by the slope* of 
the calibration curve. Detector resolution is usually given in 
terms of the Mn Kq^ line. For example^ Figure 3 shows a pulse 
height spectrum that was obtained for mi with , a system that had 
a calibration slope of 30.18 eV/channel, The channel spread across 
the peak (Ko^) in Figure 3 . is about 5*5 channels. Note/ it takes 6 
plotted channels to give ^ 5-channel spread, or full width at half 
maximum (FWHM) as it is sometimes called. 
• 

' Hence% for Figure 3: 

Resolution = (5. 5 channels) (30. 18 eV/qhannel) 
- 166 ^eV ^ 

Determine the resolution of your detector by^^e method 
outlined above. 

Determination of an unknown 

* 

At this poirit the student is ready for the unknowns. In 
general, the instructor will have these samples prepared and ready 
to give to the students. These un]?nowns can be single elements, 
chemical compounds, or solutions, the student should remember 
that both K and L lines can be excited from the sample. If the' 
unknown contains K lines, a spectrum! simi^lar to Figure 3 will be 
obtained. The peak has approximately seven times as many 
counts as the Kg. For L lines the grtoupSi usually observed are 
the , Lg , and hy . For example, Figut^ 6 shows typical L 
lines from a gold foil, j 

An easier method to do quantitative analysis with fluorescence 
is by thei^eomparative method. In using this method, all sainples 
must be thin. This means that X rays made at the deepest portion 
of the sample must not be attenuated appreciably in going through 
the sample to the detector. 

For example, let us assume that we have a dried water residue 
that contains iron. We fluoresce a thin sample of the residue 
('vO.OOS cm thick) and obtain the iron peaks. Next a thin (known 
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Figure 6 

.Typical L X-ray 

spectrum from gold* 
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weight) sample of iron sulfate is studied. By comparing the number 
of counts under the Fe-K^-^ peaks for these two samples^ a good estimate 
of. th quantity of iron in the water residue can be determined by using 
^the ratio method* Other environmental samples can be studied ^in the 
same way* . . " 

Post-Test- . , ^ ^ 

' ^^^^^ 

1*1 Why.ido the energies of X rays increase rather uniformly with 

atomic number .while the eimergies of optical lines are so ^ 

non-uniform even for adjacent elements in the^ periodic table? 

1.2 How many disintegrations per second are there from a source 
of 0.1 mCi activity? 

1.3 What is the function of the collimator in Figure 1? 
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1.4 Roughly estimate the number of counts in a gaussian peak 
which is 6 channels wld©- (PWffll) and contains 3000 counts 
in the peak* channel^ " ' ^ 

1*5 Obtain the slope, of the calibration cuiv^ in Figure 2 using 
s the data given' in Table I for a) the Titanium Kg and Arsenic 
Kg ^ lines ^ and b) the Copper and the Yttriuin lines. 

1.6 If p radioactive source of intensity Iq has a half-life of 
128 days^ what will be the intensity in 640 days? How many 
half^lives is this? j ^ 

1.7 If the spectroscopy amplifier shown in Figure 1 is a linear 
amplifier, does that mean that the calibration curve shown 

in Figure 2 will. also be linear? ^ . 



gomputer. Programs 

GAUSS--6 finds centroids ai^d FWHM of ^ pulse height spectra,' 
LINEAR-6 does linear least squares fit to calibration data* This 
program can be used to very accurately establish the calibration 
curve* Students have used ^is program to identify unknowns to 
±30 eV. 



Optional Work 



Obtain radioactive sources from the instructor that havQ X rays 
in their decay scheme. Determine the energies of the X rays from 
these sources. Any radioactive source C^l yCi) that has either 
electron capture or internal conversion in its decay scheme will 
show X rays from the daughter atom. The student is urged to review 
these two simple nuclear processes. For this experiment the -^^Cd 
source is removed and the source card containing the source is 
placed about 1 cm away from the detector, ^ 

Figure 7 shows decay schemes for ^^Fe, ^^CO/ ^^Mn, and ^^Zn*^ 
These radioactive sources can be purchased frbm many of the vendors 
that'-are^ listed in the" appendix of this manual. It should be noted 
that when ordering sources for X-ray work, it is necessary to indi^ 
cate to the manufaoturer that the sources^ should have^ a thin Mylar 
window for this application. Table II gives a tabulation of common 
X^ray sources and the energies that are emitted by the sources. 

The efficiency of the Si (Li) detector can be determined, by 
purchasing standard sources from the ' source manufacturers. This 
point will become more important to the student who is trying to 
do both qualitative and quantitative analysis on samples. Most of 
the manufacturers will supply standa*rd activity, sources for X-ray 
work. The problem is then to measure the efficiency of the detector 
at a fixed distance from the face of the detector. Figure 8 shows^ 
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^ Figure 7 

Decay schemes for -'^Co^ ^^Mn^ ^^Fe^ and ^^Zn^ 

Table II . ^ 



Coinnion Sources for X=ray Calibration 



Nuclide 


Daughter 


Half-Life 


Radiation 


Photon Energy (keV) 


5 7CO 


5 7Fe 


271.-6 d 


K^>Kg X rays 


6.40, 7.059 






312. 6 d 


K^,Kg X rays 


5.411, 5.947 


8 ft Y 




106.6 d 


K^,Kg X rays 


1'4. 933, 16. 754 


1 Am 
" 4 I Am 


2 3 7Np. 
2 3 7Np 


1.58 X 10 5 d 


^afH'x rays 
Y 

M X fays 


13.9, 17,8, "20.8 
3. 30 


- 1 Am 
£0 3Hg 


2 3 7Np 
2 0 3 


46.59 d 


Y \ ^ay 
K^-^,Kg X rays 


2 6.4 

70.821, 69.894 


5 5pe 


. s 5Mn 


■ 2.7 y 


Kr^,Kg K rays 


5.895, 6.492 


6 Hn 


'5 5cu 


243.7 d 


K^, Kg X rays 


8.041, 8.907 




^iv '- 


27.8 d 


K.^,Kg X rays- 
^ 1 


4. 949, 5. 427 
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typical efficiencies of a Si (Li) detector with various thickness 
entrance Windows. This experiment can easily be done if the ' 
standard sources are avail^ie. figure 9 showi a typical speetrum 
that was obtrfned from an ■^'*,^m source. The intensities of the 
lines in Figute | are shown in Table III. The platinum' peaks 
shown m Figure,^S. are from fluorescence of the source backing. 
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Figure 8 

Spectral response of a Si (Li) detector, 



Table III 
Intensities of Lines 



Photon Energy (keV) 



11 . 89 Np L£ 

13.90 Np 
17. 80 Np Lg 
20. 80 Np Ly 
26.35 Am-Y 
59. 50 Am-Y 



Relative Intensity % 



2.2 
37.5 
S6. 3 
13.8 
7.0 
100. 0 





200 4d0 600 

Chohntl Number 



800 



Figure 9 

"^^Am X-ray ^spectrum taken with a Si (Li) detector. 



Additional Referenggs 

For students that wish to develop this technique into a student 
research type problem, the following references will be helpful* 

1, F. S, Goulding, J, Walton, Nuclear Instruments and Methods , 
Vol- 71, p. 273 (1969). . —— . 

2* D. A. Landis F, Goulding, and R, H, Pehl, IEEE Trans, on 
Nuc. Science , NS-18, No. l/pp- 115-124 (1971)T~r ' ~~ 

3. L* S. Birks, X-Ray Spectro chemical Analysis , John Wiley and ^" 
Sons, Inc, , pp. "71-79 (1969), 

4. R, W. Fink, R. Jopson, H, Mark, and C, D* Swift, "Atomic* 
Fluorescence Yields,'- Reviews of Modern Physics , Vol. 38, 
pp. 513-540 (1966). " , . 



C. M. Lederer, J, M, Hollander r and l.^ Perlinahr Table of 
ISQtopas , Sixth Edition^ John Wilay and Sons/ -Inc. (1967) - 

R. Glauque^ "A Radioisotope Source Target Asaambly for 
X-^Ray Spectrometry^" Anal. Chem, , Vol. 40, pp^ 2075-2077 
(1968) 
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r Experimont 2 ' 

/' ■ .'■- •-^'■'^^ ' ' ' 

^ X-Ray Fluoroscenco with a Lithium 

Drifted Germaniuni Detector - 
(Source Excited) ^ > 

Objective 

TO study the basic properties of a lithium-^drif ted germanium, 
Ge(l;i), detector; to construct a caiibration curve with known X-ray 
^ an4 g^mma-ray lines from radioactive sources^^d to study' sburce- 
J^^iteA X-ray fluorescence in the\f nergy r^ge from 15 to 100 keV; 
td determine the elemental composition in unknown samples - 

References • , • 

1. - 6. Dearnal^y. and D. C. Nortjirop, ■ Semiconductor Counters for 

Nuclear Radiation's , 2nd edition, Wiley Publishing Co. , New 
' ^York, 1966. 

2. W. R, French, R. L. LaSht^r^ and J. ^. Curran, "Lithium Drifted 
Germanium Detectors," Amp^^n Jo urnal of ^Physics, Vol. 37(1), 
p. 11, 1969. * 

% 




3. R. French, Jr., Wvi^-^^^^^tn and S, E. Moore, "Measurement 
of Photoelectric, Comptd^^Bto^air Production. Cross Sections 
in Germanium," American ;'^^Mffl^:df Physics , Vol. 37(4), p 291 
1969. " '^ftP^-' 

4. F. Goulding, "Semiconductor betecto'rs^^Their Properties and 
Applications," Nucleonics , Vol. 22(5), p, 54, 1964. 

5. J. c. Russ, Elemental X-Ray Analysis of Materials , available 
from EDAX International, Inc, , 4509 Creedmora Road, Raleigh,-' 
North Carolina, 1972 ($5). r ^/ 

) ' 

Introdu ctidn ' . . 

In this experiment we will use a Gc (Li) detector to study 
source==eKci ted X ray^. These detectors are perhaps more versatile 
than the Si (Li) detectors rbecause they have a broader energy range. 
In general, they can be used to look at X rays in the range from^ 
;S kev to 130 keV. From the Critical Absorption arfd Emission X^Ray 
Chart in the appendix of this manual, it appears that Vith these 
detectors it is possible to study K lines of elements from Z ^ 23 
(Vanadium) all the way through the end of the periodic chart. 
Ultra- thin-window devices have also been manufactured that will 
measure energies down-io 2 keV. The resolutions of these GcfLi) 
detectors are usually not as good as one will find for Si (Li) 
devices. Typical values ari^-300 eV at an energy of 6 keV. 
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Nevertheless, they represent the "state of the art" for loofcing 
at K lines for intertaediate to hea^ elements. Fortwiately^ 
nature is with us hare in that as the atomic nundber of the sample 
inoreases the K X-ray aner^ difference between adjacent elements 
also increasesj ' and^ hence ^ 30& eV resolution is adequate f or ^ 
most measurements. In any case,, ohee the student has performed 
this experiment, he will certainly appreciate the usefulness o£ 
these detectors* In a later experiment we will discuss the use 
of these thin--window Ge(Lil X-ray detectors in the solution to 
pollution problems. 

Equipment , 

1. Lithium-Drifted Germatiium, Ge(Li) ^ Beryiliimi^ Window X^^Ray 
Detector' (riesolution 40D eV or better at 6 keV) 

2* Detector Bias Supply 

3, Low Noise Spectroscopy Amplifier 

4, Multichannel Analyier channels) 

5, Radioactive Sources for Calibration as follows: 



a) 


10 


uCi 


5 7co 


b) 


1 


pCi 


2'*iAin 


c) 


5 


mCI 




d) 


2 


pCi 





6, Radioactive Source for Exciting the Samples 10 mCi ^^Co 
?• . Oscilloscope 

8, Various Materials. to be Fluoresced (for example i silver, tin^ 
iodine, tantalium, gold^ mercury^ lead) 

9* Nuclear Pulse Generator (optional) 
Procedure 



1. Electronics 

Set up the electronics as shown in Figure 1, Note, care should 
be used in adjusting the bias voltage to its reconunended value. The 
collimator shown in Figure 1 is a lead sleeve tha^ f its over the end 
cap of^the detector. The sleeve has a solid end on it which faces 
the sample, A hole ('^^1,25 cm) is drilled in the solid end which 
allows the emitted X rays to' pass into the detector. Usually the ^ 
schematic drawings that come with the excitation source (1^ mCi 
5^Co) will, clearly ^ indicate how the source can be adapted to the 
detector. The radioactive sources are usually deposited in ring 
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geometry directly on the col^limator.. The samples to, be studied 
should be placed about 2 cm from the eKcitation source. 




i Figure 1 

Electronics for X^ray fluorescence with a Ge(Li) detector* 




2, Calibration 

In this eKperiment we are going to study X rays in the energy 
range from 10 to 85 keV; and, hqnce^ the multichannel analyzer must 
be calibrated in this range. This calibration will be made with 
X-ray and gamma^ray lines from radioactive sources. The sources 
used and their characteristic energies are shown in Table i. 



Table I / 





Radioactive 


Sources Used 


for Energy 


Calibration Ge(Li) 




Source 


Half-Life_^ 


•'V, 


PhtJton Energies (KeV) 






^ 270 d 


14. 


37, 121.94, 136.31 






458 y 


26. 


36, 59.57 






30.0 y 


j 32. 


191, 36. 376 






453 d 


87. 


7, 22.162, 24.942 




% ■ 
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Figures 2 and 3 show the characteristic decay modes of these sources, 
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57 Fe 



137 
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,662 MeV 
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i09pd (4S3d) 
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0877 MeV 
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Figure 2 

Decay schemes for ^JCo, 

loscd, and i3^Cs. 



Decay of ^^'Am 



241 



5th{.l59) 

4th (.103) 
3rd { 076} 

2nd (,060) 
1st ( 033) 

GROUND 
STATE 



Am (4S8 yggrs) 
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Figure 3 ^ 
Decay scheme. for -^^Am. 
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Figure 4 shows a high resolution spec^tum of^-^Co, 
ment we are not rnterested in*tTi# Fe^"^K"^ and Kr lines 



below out calibration range, 
the electron capture process 



daughter atom which in this case is iron, 



They are shown only to 
yields characteristic X 



2 k I 



Am is 



In* this eKperi- 
since they a%e 
indicate that 
rays from the 
a,_little more 



0 10- - 



re Kf, 14. 36 keV-t 



12%-. 3 )f.L'V="T 



200 14Q 2B0 1700 

CHANNEL mjMBER 



BOO 19 '10 



Figure 4 

^^^Co spectrum with a Ge(Li) detector, 



complicated. Figure 5 shows a spectrum of ^-^^Am which indicates 
some of this complexity in the lower energy range of the detector, 
In the spectrum the L X rays come from the strong internal convert 
sion coefficients for the levels in 2 3 7^p^ ^j^g pt L-lSnes origi- 
nate from fluorescence of the Pt blank that served as a backing 
for electrodeposi tion of the source. Figure 6 shows a composite 



spectrum of -''Co 



6 5 



Zn 



and 



^Sr . 



resolution capabilities of a Ga(Li) 



This figure illustrates the 
detector at low energies. 



With^the lines indicated in Table make a plot of energy 
channel number. From the plot, determine the slope bf the 
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200 400 
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; Figure 5 i 

Pulse height spectrum of 241^^ 



Figure 6 
Cqmposite spectrum of 



*Zn^, and ^^Sr, 



10^ 



10^ 



10 



z 

D 
O 

a 



10^ T^ 



10^ 



6.-40 3 e^^Zn 
^ 8 . 05 



7.057 



; 8,9 



_L_ 



200 400 
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13-5 
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calibration curve. Figure 7 shows a similar plot that was made 
tor a Ge(Li) detector used in this manner. 



100 



S 50 



f r T 



u Experimehtal Points 



Ba-K^ 36, 3 - 

^.-'^^0-57 14.36 



100 200 

CHANNEL NUMBER 




300 



350 



Figure 7 

Calibration curve for Ge(Li) showing data points. 



3. - Co Excitation of Various Elements 

Replace the - Co source exactly as shown in Figure 1, Place 
a piece of nilvcr in position to be irradiated with the ^^^Co 
gammas. Accumulate a spectrum for a period of time long enough 
to get at least 1000' counts in the Ag Kp group. Readout the spec- 
trum and replace the Ag metal with a piece of tin. Continue running 
samples until you have run all of those that the laboratory instructor 
has provided* 
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Co Excitation of Unknowns 



Obtain tho unknown samples from the laboratory instructor, 
fluoresce them, and obtain their spectra as in 3, Figure 8 shows 
a composite of Ag , Cd, In, and Sn. These are shown to illustrate 
that adjacent elements near silver can easily be resolved* In a 
real situation, the K|.; groups can bo subtracted out from under 
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Cd K, 



In K, 



4 5 0 eV 







Enerqy (keV) 








22.104 




Ag 




■24.987 




Cd 


K 

a 


23 .109 




Cd 


Kg 


26.143 




In 


K 


24.139 




In 


Kb 


27.382 


on Kg 


Sn 






Sn 


K 

B 


28. 601 


. Cd K . 


In 




Sn Kj, 


''Ag Kg 









CHANNEL NUMBER 



Combined 



Figure 8 

;pectruin of Ag, Cd^ and Sn with Ge(Li: 



detector . 



the grc3Ups* This is ^easy to do since the Kq^/K^ ratios are well 
known and the position of the Kg group is also accurately known. 
Figures 9, 10, and 11 show K lines from three popular sainples that 



are frequently studied 
:or heavy elemen 
groups usually appear as one group 



Note the separation of the Kno and K 



a 2 

lines for heavy elements. For light elements the K^^^ and 



Data Reduction 



Exercise (a) 



Measurn the resolution of the "following lines from the cali- 
bration sources used in the CALIBRATION (B) 14.37, 22,162, 32,191, 
59.57, and 122 keV, See Experiment 1 for the details of this 
procedure?. Fill in the data Table II. 



Exercise 



:b) 



Plot a curve of energy in keV versus resolution trorn hho data 
in Table II. 
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AU-K 



i 



Au = K 



Line 


Energy (KeV) 




66,980 


Au = K ^ 


68 . 794 




J 7, 968 


Au=Kg2 


80,165 



Au-K 



61 



Au-K 



62 



^,.Au-Ke3 



u 
u 



CHANNEL NUMBER 

Figure 9 
K X-ray spectrum of gold. 



Line 


Energy 


^ (keV) 






57, 


973 




W 


59. 


318 




W Kgi 


' 67. 


2 33 ^ 




W Kg 2 




898 





W K 



W K 



B 1 



CHANNEL NUMBER 

Figure 10 
K X^ray spectruin of tungsten. 
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H 



ad 
u 
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Hg K„i 



Hg K, 



Line 


Energy (keV) 




68,894 ~ 


Hg 


/O. 821 


fig Kgi 


U0.258 


Hg Kg 2 


82,526 



Hg Kg: 



Hg KOn 



Hg Kg, 



CHANNEL NUMBER 



F^igure 11 
K X'-ray spectrum of mercury * 



Table II 

Resolution from Calibration Data 



Photon Energy (keV) 



14, 37 



Resolution of Line (ev) 



22, 162 



32 , 191 



5 9.57 



122,0 
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Exercise (c) 

Detennine tho oxperimcntal energies of the materials that wt^re 
fluoresced in Procedure 3 above. Fill in data Table III (an Gxample^) 

Table III 



Comparison of Experimental and Theoretical K^-^ and Kp Energies 



Sample 


Energy (KeV) 
(Theory) 


Measured Channel 


Energy (KeV) 
(Measured) 


Ag Kc, 


22.104 






Ag K3 


24 . 987 






Cd 


' 23.109 






Cd Kg 


26.143 






In K,^ 


2 4.139 






In K3 


27. 382 






Sn Kf^ 


^ 25.193 






Sn Kp 


28.601 







Exercise (d) ^ - , ■ ^ 

For the unknown samples deterrnine the energies of the K X^'ray 
gro^ups ; and, hence, determine the elements that are present in the 
sample. Note there is a listing of K X-^ray energies in the baffk 
of; tJiis manual. 

Pos t-Tes c 

2*1 define internal convGrsion coefficients* 



4. 
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Computer Programs 

(See the Appendix of this manual.) 

GAUSS-^6 and LINEAR=6 can be used to accurately (establish the 
calibration curve shown in Figure 6* With the aid of these pro- 
grams, students have been able to determine the energies of K 
lines for heavy elements to an accuracy of ±50 eV which is quite 
good for these detectors. 

Addi t i^jia 1 Re f e r e n ce s 

For students who wish to use a germanium detector for senior 
research- type projects such as pollution analysis, etc, the 
"following additional references will be helpful. 

1, J* A. Cooper and J. C* Langford^ Pacific Northwest Laboratories 
report No. BNW--SA-4219 (May 1972) . ^ 

2, Flocchini, P. J, Fenney/ et al, ^ Nuclear Instr* and 
Methods , Vol. 100, p. 397 (197277 ~ ~ 

3, R, D. C3iauque and J. M, JakleviC/ Advanccss in X-Ray An alysis/ 
Vol, 15, K. F. J. Heinrich, editor (Plenum Press", N. y/- '1972) 
p. 16 4. 

4, w. H, McMaster^, N* Kess, e_t a^* , University of California 
Lawrence Livex^more LaboraTor^Report UCRL--50174 (May 1969) . 
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Experiment 3 

X-Ray Fluorescence Using a Gas Filled 
Proportional Counter 

Objective 

To study the basic properties of gas-filled proportional 
counters for X-ray measurements; to become familiar with the elec- 
tronics used with proportional counter X-ray measurements; to 
construct an energy calibration curvej to X-ray fluoresce known 
and unknown samples in order to determine the characteristic ener- 
gies of the K X rays from these samples and thus^ to ^^W^tify the 
unknown elements; to study escape peaks present in X-ray^ spectra 
taken with proportional counters and. their causes; to measure the 
efficiency of a proportional counter as a function of X-ray energy; 
and to identify unknown radioactive sources from their X-ray spectra. 

References 



1. W. J. Price, Nuclear Radiation Detection ^ McGraw-Hill Book 
Company, New York^ 1964" 

2. R, Lapp and H* L. Andrews, Nuclear Radiation Physics , Prentice 
Hall, Inc., Englewood Cliffs, New JerseyT 1963, 

3* L* S. Birks, X-Ray Spectrochemical Analysis , John Wiley & Sons, 
Inc. , 1969 , pp, 71-79/ ^" """" ~" 

4, D. Chase and J. L, Rabinowitz, Principles of Radioisotope 
Methodology , Burgess Publishing Company, Minneapolis, 179 6 7. 

5. Radiological Health Handbook , U, Department of Health, 
. Education, and Welfare, PHS Publication 2016, Washington, 

D. C, , 1970. 

Introduction 

X-ray fluorescence experiments can be done with rather inex= 
pensive gas^ filled proportional counters. in general, the resolu-- 
tion that one finds with a proportional counter is perhaps a factor 
ot 5 or 10 times worse than would be; observed with a high resolution 
Si(Li) detector as described in Experiment 1. For example' (see 
Figure 1) the resolution of a typical proportional counter is 15% 
at an X-^ray energy of 10 keV, while the corresponding Si (Li) reso- 
lution is about 3%. Nevertheless, proportional counters for this 
application cost around $300 while the corresponding Si (Li) detector 
costs at least a factor of ten more* 
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X-RAY ENERGY, keV 



It will be shown that proportional counters can be used to 
identify elements^ provided the sarnples are chosen such that the 
elements present in the sample are far enough apart in atomic nuin= 
ber to allow separation with the proportional counter. For example^ 
let us assuine that our sample contained arsenic and rubidium* The 

line froni arsenic is 10.543 keV, and the corresponding line from 
rubidium is i,394. These lines are about 1*8 keV apart and our 
detector will resolve lines which are 1*5 keV apart, in energy; and, 
hence ^ we would observe two distinct groups* 

At a K^^ energy of 50 keV the proportional counter, would have 
a resolution of about 3.7 keV* If the sample contained holmium 
whose Kq energy is 4 7,52 keV we could easily see lutecium 
(Ki - 54*06 keV) in the same sample. 

In surnmary, the principles^^of X-ray fluorescence can easily 
be taught with a gas filled proportional counter and for some 
applications standard analysis can be made on/ for example , 
pollution samples. 
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Equipment ^ ' 

1. Thift window Proportional Counter for^'X^Ray Applications 
Proportional Counter High Voltage Power Supply 
Pre-amplifier for Proportional Counter Application 
Low Noise Spectroscopy Ajnplifier 
Biased Amplifier (optional) 

I 

V I 

Mul ti channel Analy zer 

10 mCi -"^Co Source for Excitation with Lead Shield 

Radioactive Sources for Calibration as follows: 1 yCi, 2^1 
10 uCi, ^ ^ ^Cs ; 10 yCi, 



2, 
3, 
4. 
5. 
6. 
7. 



'7Co 



Ajn; 



9, 



10, 



bamplus to Fluoresce (for examples copper, zirconiuin, palladium, 
and cadmiuin. These can all be thin foils.) 

Oscilloscope (optional ) 



Pruc<ddure 



Set up tht3 electronics as shown in Figure 2 without the biased 
amplifier. Be careful not to touch the beryllium window on the 
proportional counter. These windows are usually 0.0125 cm in 
thickness and can be broken quite easily. Set the high voltage 



X-RAY FLUORESCENCE USING PROPORTIONAL COUNTER 



10 MIL Be WINDOW 
PROPORT IONAL COUNTER 



METALLIC 
fOILS„ 



HIGH 
VOLTAGE 
SUPPLY 






MAIN 




BIASED 






AMPLIFIER 




AMPLIFIER 





MULTICHANNEL 
ANALYZER 



m^CO EXCITATION SOURCE with LEAD SHIELD 



Figure 2 

E I e c t r o n i c s l; o r p r o p o r t i o n a 1 c o u n t e r X - r a y m e a s u r o m e n t s 



'1.. 



ERIC 



power supply to the value recoimnended by the manufacturer for 
the tube you are using. Remove the 5 7qq source shown in 
Figure 2 and place the 10 yCi i3^Cs source abiiut 1 cm from 
the face of the detector. Adjust the gain of the main ampli- 
fier so that , the output pulses for the '^'^^Ba X rays are 
about 5 volts in amplitude. Since the Ba Ka X rays have an 
energy of 32,191 keV, the instrument is now roughly calibrated 
for 60 keV full scale. This is true since transistorised 
amplifiers usually put out maximum pulses '^of around 10^ volts. 

Accumulate a spectrum in the multichannel analyzer for^a long enoi 
period of time to get good statistics in the Ba K^^^ group. 
Readout the multichannel analyzer and replace the ^^^^Cs source 
with the 10 yCi ^^Co source. Accumulate for a p^ribd of time 
long enough to get good statistics under the 6,4-keV line. 
Readout the multichannel anadyzer. Repeat this same proced\ire 
for ^^'^^Am* Figure 3 shows a typical proportional counter ^ 
spectrum for ^^^Co , Figure 4 shows ^-^Am with xenon filled 
proportional counter, 



PROP^IONAL COUNTER X-Wf SKCmutA FROM ^'bo 




Figure 3 

Proportional counter spectrum for -''^Co, 

/ 
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2<'AM SPECTRUM USING XENON-FILLED PROPORTIONAL COUNTER 

5| 




600 



CHANNEL NUMBER 

Figure 4 

^ ^^^Am pulse -height spectrum* 

3. Construct a calibration curve by making a plot of energy vs 

channel nuniber for the sources used in this expariinent . Sources 
other than the ones mentioned above may be available for this 
calibration. Table I gives^ information in regard to convenient 
X^ray sources and corresponding energies. 





Low Energy X-Ray 


Table I 
Sources ('"^1 


pci or greater) 




X^Ray Source 


Main 


Energies (keV) 






59.6, 26.36 


, 20,77, 17.74, 13.95 




■■ i ' ' Cs V 




32,2 








24.2 








13.5 


"^"Co 14.4, 6,4 








8,05 








4.5 



5i 
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Figure. 5 shows an energy calibration curve that was made with 
5^Co and ^3^Cs*, Shown on the same spectrum are the conver- 
- sion X'-ray lines from ^/*^Cm . ^^^^Cm has L X^r ay conversion 
lines which result from alpha decay to ^^Opu * 

/ 




Figure 5 

Calibration curve and X-ray spectrum of -^^Cm|^^ 



4. Replace the ^ ^Go source to the configuration eKactly as shown 
in Figure 2 and excite the first sample which was supplied to 
you by the laboratory instructor. Accumulate a spectrum until 
the K group has good statistics and readout the multichannel . 
analyzer. Figure 6 shows a pulse height spectrum of a thin 
piece of cadmiurn that was used for a standard sample with a 
xenon filled proportional counter. As expected^ the most 
pronounced high Energy group is the cadmium group at 23.1 
koV. Figure 7 shows a pulse height spectrum of cadmium with 
a krypton filled proportional counter.^ 

5* From the calibration curve ^ determine the mn^i^^j^s of the 
pronounced lines in each spectrum accumulatedi/ 

6, Obtain thi^ee unknown samples from the^ laboratory instructor. 
Accumulate spectra for the three samples and fill in K^^ 
measured in Table II for these samples. Figure 8 shows a 
spectrum of an old silver quarter that was sandwiched between 
two pieces of cardboard and used as an unknown* Figure 9 
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Figure 1 



Source excited spectriiiti of cadmium with a 
' krypton filled proportional counter.' 
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RELATiVf CHANNEL NUMBER 
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Table II 



Tabulation of Theoretical and Measured Energies (keV) 
for Proportional Counter X-Ray Spectra 



Sample 




measured ^ 


(Koj^Escape ) 
Theory 


Measured 


Copper 


8. 041 








Zirconiuin 


15. 746 








Palladium 

— — — — jf. _. 


21.123 








f^^Hrhl iirn 


*5 '3 TAB 








Silver 


22,104 






\ 


Molybaenum 


17. 443 








Unknown A 










Unknown B 










Unknown C 











shows a spectrum of a modern clad quarter that was given as 
an unknown m the same type of cardboard configuration! 

Fill in the measured energies in Table II for the samples th^t 
you have studied. Note that the entry in Table II Sjd K 

?ion of^S ^ proportional counter does not allow separa- 

tion of and for the elements listed; and, hence the 

average value is used. The position of the escape pelks and 
other features of the spectrum will be discussaf Ltef in 
this experiment. i^^wi in 

jnd^yj-iLSfp?^^^ 

energy! ° ^^n^rating an output pulse at'^the full "^ly ^ 

JndT'^^p' P\^=^^ ^ill produced at incident energies of E- 
^nd Eo = Ej, where Eq is the incident X-ray energy aid L " 
the escape enerav of <-h^ u v . ■ ciici^yy ana t^i is 



ERIC 



5J 



a photoelectric interaction with^ aay for axampla^ a krypton 
atom in, a krypton filled proportional counter . The propor- 
tional counter genaratas an output pulse whose magnitude ia * 
cclmposed of several parts. ^ These arei 

P ^ A + B + C 

where P - magnitude of the electrical pulse generated from the 
proportional counter^ 

A - the energy of the recoil electron produced by the 
initial photoelectric interaction^ 

B - the energy of the X ray produced as a result of the 
vacancy in the K shell of the krypton atom, and 

C ^ the total energies of other X rays and Auger electrons 
produced in the resulting rearrangement of the krypton 
atom, 

If^the X ray B which is the X ray for krypton (12.630 keV) 
is"^ captured in the proportional counter, the pulse P will 
generally be the full energy pulse; and, hence, proportional 
to the incident X ray. (In this discussion it is assumed that 
the initial X-ray energy from the source is high enough to 
remove the K electron from krypton.) It is possible/ however/ 
that the krypton- X-ray energy B will escape from the counter. 
If this happens, the pulse generated will have an energy 
P = A + C, which is the incident energy of the X ray minus 
the X-ray energy for krypton. 

Figure 7 is an excellent example of this phenomenon. The lines 
that we see are the cadmium line at 2 3.1 keV and the escape 
line which corresponds to the cadmium energy minus the Kq^ 
line from krypton energy, which gives a peak at 10.5 keV. The 
cadmium Let line at ^.2 keV doesn't suffer from the above prob- 
lem since the L X fays which would produce the problem with L 
spectra are so low in energy that they are usually captured. 

Figure 6 shows the same cadmium line measured with a xenon 
filled proportional counter. The escape peak is not present 
since the initial X^ray energy is not great enough to produce 
a vacancy in the K shell of the xenon atom. The interactions 
were in the L shell of xenon; and, hence, no K escape peak. 
The chromium peak shown in Figure 6 results from the iron and 
Ghromium bricks that were used to shield the ^^Co excitation 
source. " The ^^Co 14.4 keV gamma line shown in Figures 8 and 9 
are fromWoherent scattering in the sample. 
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Data Reduction ^ 

Exercise (a) ' . 

From the calibration curve plotted in Procedure 3, determine 
the resolution of the proportional counter for the 6*4. ai^d 14.4 
=kev lines from ^^Qo and for the 32.2 keV line from Ba-137, 

Exercise (b) . i* 

Identify the escape peaks in the spectra and tabulate (Kct^Escape) 
in Table II, Fill in the measured and theoretical values for columns ^ 
4 and 5 in Table II- 



Exercise (c) (optional) 

Obtain an unknown radioactive source from the instructor and 
determine the energies of its X rays* Are there escape peaks? 
What is the source? 

Exercise (d) (optional) 



Obtain standard radioactive sources whose activities are known 
from the instructor* These might be any of the sources listed in 
Table I* Place the first source at a distance of 3 cm from the 
face of the detector and count for a period of time long enough 
to get 4000 counts under the K^^ group of interest. Readout the 
spectrum and sum under the group. Continue for the other 
sources provided by the instructor. Fill in the entries in data 
Table III* 



Table III 



Efficiency Measurement for a Proportional Counter 



Source 


Energy 
(kev) 


Photons/sec 
Theory 


Photons/sec 
Measured 


e% 

Efficiency 


5 7 Co 


6.4 








"Co 


14 . 3 










8.0 5 










3 2.2 








8 5Sr 


13.5 
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The theoretical photohs/sec listed in column 3 is the value 
"^obtained from the standard .activity printed on the souroe. The 
measured photons/sec is determined by dividing' the sum under the 

group by the time in. seconds . The efficiency is determined 
• by t^ing the ratio of measured activity to theoretical activity* 
Usually this value is put in percent by multiplying by 100, Plot 
a curve of efficiency, versus energy. 

Post-Tes€ J . * 

3.1 E^^lain single escape and double escape peaks* sometimes , found 
in gamma-'ray energy spectxa. * i ^ 

3-2 What is an Auger electron? 



Computer Progran^ 

The programs GAUSS-6 and LINEAR-6 in the Appendix of this 
manual can be used to find the centroids of the peaks in the pro- 
portional counter spectra. The program LINEAR--6 Vill also give 
the slope of the calibration curve which is used in the resolution 
measurement , 



Additional References 

1* L* Clarke The Erfcyclopedia of X-Rays and Gamna RayS / Reinhold 

Publishing Co7, New "York, 19T3r ~" " "~ ~ 

2, J* C* Russ, Elemental X-Ray Analysis of Materials , available 
from EDAX International, Inc*;"4509 Creedmore Road, Raleigh, 
North C ^ Ina ($5) , 

3, R. WoldS: uh, D, E, Porter, and R. S. Frankel^ "The Analytic 
X^Ray, " Industrial Research Magazine (February 1971) , 

4, C, M. Lederer, J. M, Hollander, and I. Perlman, Table of the 
Isotopes , 6th edition, Wiley & Co., New York, 1967* 
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^ ' ^ ' Experiment 4 _ , 

Source Excited X--Ray Fluorescence Applied to 
Environmental and Geochamicai "Samples ~[- 
. ~ (Si (Li) detector)^ ' 

Objective ^ ^ 

To study the applications of source-eKcited X-ray fluorescence 
to environmental samples and geochemical specimens; to study the 
effectiveness pf various excitation sources in stimulating K 
fluorescence for different ranges of elements; to calibrate a 
Si (Li) detector using standard sources and with this calibration 
curve to' determine the unkhown elemental composition of the environs- 
mental and geochemical samples;^ to investigate the qualitative and 
quantitative sensitivities of the method, ^ 



References 

1* J. R. Rhodes^ ^ , Proceedings of the Symposium on Low Energy 
X-Ray and Gamma Sources and Applicatio ns ^~U.S .A/E.G, Report ~ 
ORNL-llC-5, 1965. ~~ 

2. ,F. s. Goulding and J, M. Jaklevic, "Trace Element Analysis by 

X-Ray Fluorescence,'* UCRL-20625, UC-4 Chemistry, TID-4500 (57th 
edition) reports a similar technique using a trahsmission anode 
tube, 

3. J. C, Russ, Elemental X-Ray Analysis of Materials , available 
from EDAK Inter^ atianal , Inc., 4 509 Creedmodre'Road, Raleigh, 
North Carolina $5)* 
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Introduction 

It will be assumed that the student is familiar with the basic 
operations of tho Si (Li) detector. X^ray fluorescence with a Si (Li) 
detector has wide ripplicability for "trace analysis" in the fields 
of biology, chemistry, physics, geology industrial problems, and 
the whole complex field of pollution analysis. Under the best of 
conditions at this point in time, the technique is sensitive to 
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approximataly one part in a million/ Tha technique/ therefore, 
doesn't even compete in eensitivity with neutron activation analy.-* 
sis which is sensitive for many elements down to the nanogram r^^ion. 
What it does offer/ however, is speed. It is possible to deterrome, 
as you will see^ as many as twenty elementB simultaneously from some 
samples in a time per^iod 4a short as ten minutes* If you will take 
a place of ordinary filter paper and place it over the hose of ^a 
vacuum qleaner and lat the machine run for two hours in a metro-- 
poll tan area, you will quickly convince yourself that^ for some 
samples, nanogram sensitivities are not necessary. 

The electronics and physical arrangement that will be used 
for this experiment is shown in Figure 1. The sample can be a 
solid, liquid, or gas. Gas samples offer a special problem and 
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Figure 1 

Electronics for X=ray fluorescence with a Si (Li) detector 



require a chamber that fits over the top- of the detector. At these 
low energies of excitation (^\^Below 25 kaV) the photoelectric pro- 
cess is the most important mechanism by which. X-rays are generated 
in the sample. Essentially, what happens is, a photon from the 
source comes in and makes a photoelectric interaction with one of 
the target atoms. During the process a K or L electron is removed, 
Let-s assume it is a K electron since that is what happens most of 
the time, = The K vacancy is quickly filled by an outer electron 
falling in to fill the void. The most probable thing to happen 
(see Figure 2) is for an L-III orbital electron to fall into the K 
vacancy* When this happens, we see the so=called Kni X ray* The K^j; 
X ray occurs v;hen an L-II orbital falls into the vaa^ncy. Figure 2 
shows some of the other possibilities that exist with both K and L 
initial vacancies. An observer usually sees (for K excitation) the 
Kq^ and Kg X rays; and the ratio of to Kg is usually about 

seven. 
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Figure 2 



ATOMIC ENERGY LEVELS 
INVOLVID IN THE EMISSION OF X-RAYS 



.J In pollution samples^ identification is usually made in terms 
of the line. However^ sometimes the Kq^ line is hidden under 
another peak and under these conditions, the Kg line can be used. 
The resolutions of Si (Li) detectors are in general good enough 
(^200 eV at 6 keV) that both 'the and Kg lin.es will be seen 
for most elements that are present in the sample. 

At this point the other problem that we must address our= 
selves to is what excitation source is best suited for the range 
of elements that are to be studied in a sample. Figure 3 shows a 
plot on log-log graph^ paper of the excitation cross sections of 
several elements as a function of incident photon energy. From 
this figure, it can rather easily be seen that the best of all 
possible excitation sources for an element Ai is one whose photon 
energy is just slightly greater than the absorption edge for the 
element Aj, The absorption edges are the K^i^ values listed in 
Appendix V of this manual, (Critical Absorption and Emission 
Energies of the Elements,) For example, the excitation cross \ 
section of aluminum is about 2 k 10 ^ barns/atom at its absorp- 
tion edgo ( 1 , 559 keV) ; however, it is only 1 x io3 barns/atom 
at an incident energy of 7,5 keV, The probability of producing 
aluminum X rays has therefore fallen off a factor of 200 in going 
from a source whose photon energy is 1,6 keV to one that has an 
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Figure 3 

Photoelectric cross sections 
for several elements,' 



incident energy of 7*5 keV4 Table I lists a number of standard 
radioactive sources ^nd the range of elements for each that can 
be stimulated to K fluorescence. 



Table I 



Radijoisotope 


Source 
Activity 


Half-Life 


Radiation 
Energy 


Range of Elements 
Stimulated to 
K Fluorescence 


5 5p 


50 mCi 


2.6 Y 


5 , 9 keV 


Na - V 




5 mCi 


1,29 Y 


(88 keV) , 
2 2 keV 


Ti Ru 




2 5 mCi 


458 Y 


60 key 


Fe - Tm 
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Equipment r " ' . * 

1. Lithium Drifted Silic^ X-Ray' Detector and Pre-ampllf ier 
{resolution -^00 eV) 

2 . Detector Bias Supply . . ► 

3. Low Noise Spectroscopy Amplifier 

4. Multichannel Analyzer ('x-SOO channels) 

5. 25 mCi ^ ° ^Cd (excitatidn source) 

6. 25 mCi ^ Spg (excitation source) 

7. 50 mCi 2 1+1^ (excitation source) 

Calibration Sources as follows (all should be standard sources 
±10% activity) : ■ 

a) 10 uCi 5 7cq 

b) 1 MCi S'+iAm 

c) lOj uCi S'+Mn" 

d) 10 pCi S^Cr 



8 



9. 



environmental and Geological, etc., Samples to be Studied. ^ 



Procedure ' 

1. Set up the electronics as shown in Figure 1. Set the bias 
voltage to the value recommended by the detector manufacturer 
Place the 10 yCi ^ 'Co source at exactly the location where 
the samples will be' under ■ fluorescing conditions (note the 

Cd excitatron source has been removed for this part of 
the experiment) . , Adjust the gain of the system so that the 
14.36 keV peak is about mid-scale on your analyzer. Figure 4 
shows how this would look on a 400 channel analyzer. The 
system is now roughly calibrated for 28 keV full scale. Accu- 
mulate a timed spectrum for a period of time long enough to 
obtain ^2000 total counts under the 14.36 keV group. Readout 
the multichannel and erase. 

2. Place the 1 pCi -"^^Pm source at the same distance as in 1 and 
accumulate a spectrum for a long enough period of time' to get 
good statistics in all of the pronounced -'"^^m peaks. Repeat 
the same timed measurement for the ^'♦Mn and ^^Cr sources. 
From the multichannel readouts, fill in the peak channel 
information in Table ll. 

i. Remove the calibration source and place the first environmental 
sample to be studied in the sample holder. Place the ^^^Cd 
excitation source in its proper position. Fluoresce ' the sample 
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9, Environmental and Geological, etc., Samples to be Studied. 
Procedure 

^ J ■ 0 

1. Set up the electroniGs as shown in Figure 1. Set the bias 
voltage to the value recommended by the detector manufacturer 
Place the 10 uCi ^ 'Co source at exactly the location where 
the samples will be' under ■ fluorescing conditions (note the 

Cd excitatron source has been removed for this part of 
^ the experiment) . , Adjust the gain of the system so that the 
14.36 keV peak is about mid-scale on your analyzer. Figure 4 
shows how this would look on a 4 00 channel analyzer. The 
system is now roughly calibrated for 28 keV full scale. Accu- 
mulate a timed spectrum for a period of time long enough to 
obtain ^2000 total counts under the 14.36 keV group. Readout 
the multichannel and erase. 

2. Place the 1 pCi ^'^lAm source at the same distance as in 1 and 
accumulate a spectrum for a long enough period of time' to get 
good statistics in all of the pronounced -"^^m peaks. Repeat 
the same timed measurement for the ^'♦Mn and ^^Cr sources. 
From the multichannel readouts, fill in the peak channel 
information in Table ll. 

I. Remove the calibration source and place the first environmental 
sample to be studied in the sample holder. Place the ^o^Cd 
excitation source in its proper position. Fluoresce the sample 



for a period of time long enough to obtain reasonable statistics 
in the peaks of interest. Figure 5, for example , shows a- dirt 
sample ^^at was taken near a busy road. Readout the inultlchai\nel. 
Repeat ftDr other environmental or chemical eamples. Be sure to 
run lonm enough for each sample to get good statistics under 
the P%^s of interest. 

LAB. RbAD OIRT, XRF 0^-109 iXCITEO . 
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Figure 5 

^'^ray fluorescence of a dirt sample 
taken near a busy road. 



4, In order to determine the number of milligrams of a given 

element in the sample, it is frequently convenient to compare 
that X-^ray line to a standard of a similar matrix which the 
student prepares in the chemistry laboratory. For example, 
Figure 6 shows a plot of K X-ray, counts per minute per 1% 
element in the matrix. The sample used could be considered 
infinitely thick for this application* The matrix used was 
CaCOj. Figures 7 and 8 show spectra of a lead standard that 
was prepared by coprecipi tating lead with calcium (CsCoOi^) , 
The lead concentrations were then determined by atomic" 
absorption. 
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Standardization curve made with Pb L, 



Pb CALIIWTION, CaCgO^ MATRIX 
Z*=7.4, Den, 3,2 ^9^409 Ej|G±t#d 




500 



- 1000 



1500 



CPM 



j 



59 



Pigure 8 
Standardi zatlon curve 



made with Pb L 



Remove the ^ ° ^Cd source and place the ^Fe source in the 
excitation source position. Fluoresce each of the same environ- 
mental samples with ^Spg ^ Remember ^^Fm is good- for elements 
from sodium up to vanadium. Accumulate each spectrum for a ^ 
period of time long enough to obtain reasonable statistics *in 
the peaks of interest. For example^ Figure 9 shows ordinary 
cigarette ash that has been fluoresced, with ^ ^Fe . if a 
vacuum chamber is available for exciting samples with SSp^S 
in vacuum^ a profound effect can be observed because of the 
attenuation offered by the air. Also the argon K line from 
air will show up for samples studied in^ air. To illustrate 
this point/ Figure 10 shows a silicon sample that was fluoresced 
for 20 minutes in air. (Note the argon line from air,) 
Figure 11 shows the same data taken under vacuum conditions. 



Data Redudtion 



EKercise (k) 



From the data in Table II, plot an energy versus channel number 
curve for* 57^0, 5 ^Mn , ^^iAm, and siQr. Figure 12 shows a similar 
curve that was taken for K lines in this same energy calibration 
range. 
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Cigarett Ash (60 min ^^Fb) 
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x-ray fluorescence spectrum of ordinary cigaratte ash. 
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Figure " 12 

Energy calibi^ation 
curve for a Si (Li) 
de tector^ , 
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Determine the slope of the criil ibration curve and measure the 
resolution of the -^Cr, ^''Mn , and lines in Table II. 

Exercise (b) 

For each line in Table II, sum under the p^eak of interest and 
d^ide by the corresponding time to obtain the measured photons/sec 
en&^y.in Table II. From the decay schemes for the isotopes used 
and the absolute disintegration rates tabulated for these standard 
soutc?os, calculate the thenrutical number of photons/sec for each 
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line in Table II, (Note, in Appendix IV of this manual, thei:^e is 
a tabulation of the latest photon decay information for some of the ^ 
more '-Commonly used X-ray and gamma calibration sources., The abso^ 
lute efficiency for the detector is defined as the measured photons/- 
sec divided by the actual number of photons/sec that the source emits, 
(Be sure 'to make any necessary half-life corrections required on 
calibration sources.) This quantity is called [cj Calculate [e] 
for the values in Table II. Plot a curve of efficiency versus energy^ 
for the detector. Figure 13 shows a similar curve for a silicon 
detector and various window thicknesses* Since you are not correct^ 
in:': our data for geometry and the one over^ intensity fall off, 
your maximum efficiency will probably be about 10%. You can convert 
your data to a curve similar to Figure 13 if you make the necess^ar^y 
coi'rections . ^ \ 
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also have been extracted from the nrul tichannel readout. Figure 15 
shows an air pollution sample that was obtained from the Air Quality 
Control Board in Nashville, Again since it w.%3 a thin sainple, the 
tGchniques discussed in Procedure 4 are applicable for extracting 
absolute information in regard to the peaks. 



Exercise (d) 

Repeat Exercise 'c) for all of the date, taken with your samples 
and the^ " ^Fe source. Figure 16 shows a thin sample of powdered 
coal. since' the -sulfur component in coal seems to give the largest 
pollution problem at coab^fire energy generation plants, this tech- 
nique offers a good method of monitoring sulfur content in coal. 
Figure 17 shows some fly ash that was collected from the Bull Run 
coal-fire generating plant in Dak Ridge, Tennessee. Note the ^ 
silicon, potassiurn/ calcium, and titanium -is present in the sample 
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x--ray fluorescence spectrum of soft coal. 
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x--ray fluorescence spectrum of fly ash from 
coal-fir^e electric generating plant. 



as in the original coal sample. The sulfur is not, since it comes 
out of the stack as sO and SOn, 



Exercise (e) ^ 

, Use the technique discussed in Procedure 6 to extract absolute 
numbers in milligrams for the elements present in your samples. 
Figures 18, 19, and 20 show other spectra that are of general 
interest in polJ^ition analysis. 



Post-Test 



- 1 A hCi ^ '^^Am. source is placed 10 cm from a Si (Li) detector 
with an activo surface area of 3 mm-, ^Using Figure 13 and 
Appandix IV, detex^mine the number of counts an observer would 
uxpect to find beneath the L^^ , Lp , Ly X-rays peaks and the 
26-4 kev and 59.54 keV gamma-ray peaks after a 10 minute 
counting period, Noglect edge effects and attenuation in 
a i r a n d 13 o wind o w s , 
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K-ray::^luorescen^e of shavings from an automobile 
tire ( 5 5pg excitation source) , 



Computer Programs 

"V " " ; " " ^ ; 

GAUSS'6 can be used to find the centroids of all calibration 
and environmental spectra, LINEAR-6 can be used to find the slope 
of the calibration curve and for identifying all lines in the 
environmental spectra. 
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Experiment 5 

Heavy Elem ent Analys is of Pollution Samples by 
X-Ray Fluorescence with a Ge (Li) Detector 



Ob j ective 

To study the application of source excited X-ray fluorescence 
wxth a Ge(Li) detector; to establish an efficiency curve for this 
process; to investigate heavy element Z > 32 concentration in 
pollution and chemical samples. 



Re f erences 



4. 



R. Wbldseth, D. E. Porter, and R. s. Frankel , "The Analytic 
X-Ray," Industrial Research Magazine , February 1971. 

J. C. Russ, Elemental X-Ray A nalysis of Materials , availab-le 
from EDAX International , Inc . , 4509 Creedmoore Road, Raleiah, 
North Carolina ($5). ^ 

R. D. Giauque and J. M. Jaklevic, "Rapid Quantative Analysis 
by X-Ray Spectrometry," Advances in X-Ray Analysis , Vol. 15, 
Plenum Press, New York, 1972, 266. 

L. s. Birks, X-Ray Spectrochemical Analysis , John Wiley & Sons, 
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Introduction 

In this GxperimGnt it will be assumed that the student is 
already familiar with Ge(Li) detectors and the techniques of basic 
X^ray fluorescence experiments. He may Jalso wish to rpad the intro- 
duction of Experiment 4 which is a rather detailed discussion of 
some of the parameters associated with X^ray fluorescence. Most of 
the information in Experiment 4 is applicable in this ex.periment. 

The main differences between the Si (Li) and Ge(Li) detectors 
for X-^ray fluorescence are the efficiency 4nd resolution. in 
general. Si (Li) devices have resolutions of 200 eV at 6 keV while 
Ge(Li) would show perhaps 350 eV at this energy. However, the 
Ge(Li) devices are m^ch more efficient for photons in the 
range from 30 to 100 keV than the Si (Li), The reason for this 
improved efficiency comes from the fact that photons at these 
energies usually interact by the photoelectric process. The 
cross section for the photoelectric process varies like Z^, where 
Z is the atomic number. The Z for silicon is 14 and for germanium 
It is 32, The ratio of these two numbers raised to the fifth 
is 62,22 which is roughly tfie ratio of the cross sections. 
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The argumGnts made in Experiment 4 about the cross section for 
excitation being greatest just above the absorption edge are equally 
valid for san^ples that will be studied in this experiment. The only 
difference is that in general with Ge(Li) systems^ one is interested 
in higher z elements in the sample; and^ hence, the exciting source 
will have a higher energy than the ones used for Si (Li) spectro- 
scopy. In this experiment, we are going to use ^^^Am and -^Co 
as excitation sources. For ^^^Am it will be the 59,6 keV gamma 
that does most of the excitations in our samples* In ^^Co the 
122 keV line is the best candidate for excitation. 



Equipment 

1. Lithium Drifted Germanium X^-Ray Detector with a Resolution 

%350 eV 

2, Detector Bias Supply 

3* Low Noise Spectroscopy Amplifier 

4. Multichannel Analyzer ('^^500 channels) 

5. ExcitaLion Gources as follows [license required): 

a) 25 mCi -'^^Am 

b) 25 mCi ""^Co 

6, Calibration Sources as follows: 

a) 10 yCi '-'^Co standard activity +10% 

b) 1 pCi ^-""^Am standard activity ±10% 

c) 5 uCi ^'^Cs standard activity ±10% 

d) 2 pCi i^'^Cd standard activity ±10% 

7, Pollution or Chemical Samples to be Studied 



Procedure 




1, Set up the electronics as nhown in Figure 1, Do hot put in 
the ^ ^'Co excitation source* The system first has to be 
calibrated. 

2, Tui^n on the bias voltage to the detector and adjust it to the 
recommended value. Place the 1 uCi standard source at the 

S position where the sample will be when fluorescing pollution 
samples. Adjust the gain of the system until the 59.6 keV 
line from ^-^-^Am falls about mid^scale on the analyznr. 

5. Oollect a Limod spectra for a period of time which is sufficient 
to give reasf le statistics in the iDronounced lines of ^-^^^Am 
shown in Tab . Readout the multichannel . 
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Electronics for X-ray fluorescence with a Ge(Li) detector. 



Table I 

Absoluti3 Calibration for a Ge(Li) Detector 



Nuclide 


Ph o to n E n e r q y 
(kev) 


Peak 
Channel 


Photons/ sec 
Measured 


Photons/ sec 
Calculated 


Ef f iciency 


"Co 


6.40 










"Co ^ 


14, 36 










^ ^Co 


122 . 0 










'-^ "Co 


136. 3 










i "Cs 


32.191 










i ^^^^Cd 


87 . 70 










^ -■ 'Cd 


24,942 
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Collect a timed spectrum for the ^ ^Co standard source, 
Figi^e 2 shows a typical spectrum for ^^Co , Readout the 
multichannel. Repeat for the standard^ ^^^^g '^^'^Qd 
sources. From the readouts determine the peak channels for 
the entries in Table I. 
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Figure 2 

Spectrum of ^^Co with a Ge(Li) detector. 



5. Remove the calibration source and place the ^'~^Co excitation 
source in its proper position. Place the first pollution 
|ample to be studied in the proper location. Fluoresce this 
Sample for a period of time long enough to get reasonable 
statistics in the peaks of interest. Readout the multichannel 
and ^repeat this samei measurement for^ the rest of your^ samples. 
Figure 3 shows a typical spectrum that was measured in an 
exercise similar to this* ^ = 

6. Replace the ^^Co excitation source with the -''^m excitation 
source „ Repeat the measurements made in 5 for all of the 
samples. Figure 4 shows a typical spectrum of a sample that 
was fluoresced with photons from -^'^Cd. 

7. In trying to get absolute numbers for the peaks of interest, 
it is most convenient to use thin sa_mples. If the samples are 
too thick, then attenuation problems must be considered. If, 
howeve , the samples are thin, then the number of microg rams/ cm 
of the element of interest can be determined simply by comparing 
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that element to a standard which you make up in the laboratory. 
For example^ let us assume that we are interested ^in the lead 
peaks (K lines) that appear in an air pollution spectrum* Most 
air pollution spectra collected on filter paper with a vacuian 
system can be considered thin for the K lines of lead* Then^ 
all we have to do is to dry* a known concentration of a lead ^ 
solution onto a piece of clean filter paper* For example ^ 
workers in the state of California dried a mother solution of 
lead acetate onto these above mentioned filters,' Later ^naly-- 
sis indicated that their various samples were accurate to ±5%.. 
Table II shbws the net count ^rate that was observed as a 
functio]^ of lead concentration in ygm/cm^. 



Table II 
/ 



Calibration Results from Lead Acetate Standards 



Concentration 
y g/ cm ^ 

100.0 

50*0 

10. 0 



2.0 



1.0 



0*5 



Net Count Rate 
counts/min = 

12,403 

6,328 

1,357 

769 



323 



167 
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Following the general guidelines of the above discussion, 
prepare standards of known concentration solutions for .drying 
onto filter paper. Prepare enQugh standards to bracket the 
concentration level of the groups of interest in one of your^ 
spectra. Construct a data table similar to Table II for your 
sampl6s. . , ^» 



Data Reduction 



Exercise 



(a)| 



Plot a cal 
collected in Ta 



ration curve for the peak cteniiiel data that was 
I, 



Figure 5 shows a typical curve that was 
taken with a Ge(Xi) detector, ' 
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Figure 5 « 
Calibration curve for Ge"(Li), deteatqr. * 



From" the 

and calculate 
5 7co, 87.7 keV 



calibration curve, determine the slope of the line 
the resolution of the following lines: 122 keV 
lO^Cd, and 59.57 ^hip^^ 



Exercise (b) 



From the timed spectra collected in Procedures 3 ai>d 4, deter- 
mine the sums under the peaks listed in Table I. Divid^these sums 
by the proper times and thus determine the measured photdns/sec 
for each of these standard sources. Enter these values in their 
proper places in Table 1. - 



Exercise (c) 



Calculate the number of photons/sec th^^ are emitted from each 
of the standard sources in Table' I. Sometimes this information is ' 
printed on the standard. If not, it can be determined from the 
* activity of the source and known information in r^ard to the decav 
schfme for that isotope. In the appendix- of, this manual Is a tabu^ 
lation of certain disintegration data for many of the standard ' 
calibration sources for X-ray and gamma- ray spectroscopy. Fill in 
the calculated number of photons/sec for each of the entKies in 
Table I . ' * . 
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Exercise (d) 

The efficiency of the detector (e) is the ratio/of the measured 
photonB/sec to the calculated photons/sec* Determine this nun^er 
for your data and record the proper value for each of the entries 
in Table I. Plot a curve of e versiis the photon energy in keV* 

Exercise (e) , * . 

For each of your pollution sample^ ^ determine what elements 
are present in the sample from^our calibration curve. Do this 
for both s^Co and ^^^Am eKcitation, 

Exercise (f) 

With^our laboratory instructor's assistance^ standardize 
some of the peaks in accordance with the method outlined in 
Procedure 7, ^ 



Computer Programs 

The centroids of all^ of the peaks measured in this experiment 
can be found with thr prfegraitMAUSS--6-, LINEAR-6 can be used to 
identify what lines are present in eaft^ pollution spectra, 

Additional Referencos 

1, J, L, Cat©, Jr., Determinatioii^ o^ Lead in A^ir Sample Filters 
by X-Ray Fluore5cenc¥ ^/" Lawrence Radiatibn Laboratory Chemistry 
Report No~TID-- 4 5Q0, UC-4, UCRL--510 38 , ' Livermore , California 
94550. 

2/ W, H. McMaster, N. Kress, ^ aT, , University of California, 
Lawrence Livermore Lab Report "UCRL-50174 , May 1969- 

3, K. G. Carr-Brion and K, Payne, "X-Ray Fluorescence Analysis- 
A Review," The Analyst , VolL -95, No, 1137, p, 977, 1970. 

4, R, Giauque, "A Radioisotope Source-Target Assembly for X-Ray 
Spectrometry," Lawrence Radiation Laboratory, Berkeley/ Report 
No. UCRL-1829 2 , 1968. - ^ 
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Tube Excited X-Ray Fluorescence 

Objective 

To study the parameter's aeaociated with X--ray fluorescence 
measurements where the exciting photons are generated with an 
X^ray tube; to determine an energy calibration curve with X rays 
of kriown energy produced* from a variety of elements; to use ^the 
calibration curve to determine what unknown eldments are present 
in the pollution, environmental or biological sMiplesi to stand* 
ardize measurements with known concentrations of the groups of 
interest. 



References ^ 

1, F. S, Goulding and J% M* Jaklevic^ "Trace Element Analysis by 
X^Ray Fluorescence," Lawrence Radiation Laboratory, Chemistry , 
Division, Livermore, California, Report No, UC^-20625, TID-45|P0 

2. R. D, Giauque and J. M. Jaklevic, "Rapid Quantative Analysis 
by X-Ray Spectrometry," University of California Radiation 
Laboratory, Livermore, California, Report No, LBL-204 , 

3* J/ C, Russ, Experifliental X-Ray Analysis of Materials , available 
from EDAX International , Inc , , 4 509 Cr^edmdre Road, Raleigh, 
North Carolina ($5) * 

4, R. Woldsetil, D. E. Porter and R. S. Frankel, "The Analytic 
X-Ray," Industrial Research Magaiine , February 1971. 

Introduction 

In a few of tha earlier aKperiments, we outlined the use of 
source excited "X-ray fluorescence for problems such as pollution 
analysis and the geochemical analysis of rock samples; Under the 
very best experimental conditions, source . excited X-ray measure^ 
ments are good to one part in a million/. In other words, with this 
technique and under the best conditions, we can study microgram 
concentration in gram samples. However, it was also pointed out 
that for many applications this kind of sensitivity is adequate. 
In general, tube excited X-ray fluorescence is about a factor of 
ten better, i > 

The systems that have been manufactured specifically for this 
application are in general designed to maximize this sensitivity. 

In ttiis discussion there is not tirte to go into the various 
systems and their operational parameters. This information can be 
obtained by reading References 1-4. In particular, Refetence 1 is 
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a report that carefully outlines the oparational parameters of a 
low powered X^ray tube for this application. In fact, many of the 
Illustrations in this experiment were taken from Reference 1, The 
companies that manufacture tube# excited systems can furnish 
additional engineering parameters for their various units. 

Jt is possible under some conditions to convert old X*ray 
diffr^Cion units J^o fluorescerit spec^roifteters. In theory, all 
one has to do is extract the X-^ray beam and let it impinge on the 
sample to be studied* In practice, one has to worry about scat- 
tering problems, tube tQ sample distances, efficiency, etc. It 
is, however, possible fo convert these 'units to fluorescing devices. 
Several places have made these conversions with satisfying results. 

The additional sensitivity of the tube excited syf tern can be 
justified quite easily, if one looks at the number of exciting 
photons per unit time for a tube and a source^ for example, 

1) 100 mCi source gives 3.7 x 10^ photon|B/sec 

2) 100 yamp current tube gives 1 >< 10\^ photons/sec. 

The additional advantage of the tube comes from the fact that, 
in theory at least, one can set the accelerating voltage for the 
tube or choose the X-ray, tube target to maKimize the sensitivity 
of the system. In Experiment 4 the arguments were presented in 
regard to the yield, absorption edge, and incident photon energy.' 
The student should go back and read the Experiment, 

^ For an unflltered X-ray tube the Bremsstrahlen ^nd the charac- 
teristic X rays from the t|tget are both effective in fluorescing 
the target. Figure 1 sho^s what the spectrmn looks like for a 
molybdenmn X-ray tube and an accelerating voltage of 50 keV. In 
many cases filtering is desirable. For example, if one was study- 
ing rubidium (Kab - 15.20 keV) the tube u'sed in Figure 2 would be 
ideal from almost every aspect, ^ ^ 




Figure 1 

Typical unfiltered spectrum 
from a molybdenum target 
(X-ray tube) . 
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Figure 2 

X^ray output apectruin of a 
transmission anode X--ray 
tuba (anode material ^ 
4 mil Mo) . ^ 
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Figure 2 shows a molybdenum spectrum that has been collected 
from a transmission anode tube. In this figure/ the filtering is 
done by the anode material. 

This introduction has been more of an overview. We have listed 
enough references so that even if a university doesn't have a tube 
excited X-ray fluorescence system^ a student would be able to read 
the references and turn in a nice senior project as to the details 
of this strong analytic technique* 

Equipment 

1* Complete Tube Excited X-Ray Fluorescence System with Multichannel 
Analyzer and Readout (see instructor for recommended operating^ 
parameters) - 

2* Standard Materials (reagent grade) to be Used for Calibration 
(thick samples) 



3. Pollution^ Environmental/ or Biological Samples to be Studie^ 



Procedure 



Place a piece of manganese metal in the excitation position. 
Fluoresce it for a period of time long enough to get reasonable 
statistics under the K^^and Kg peaks (see Figure 3) * 



Repeat the measurements made in 1 for titanium/ copper/ arsenid, 
and yttrium. Fill in the channel locations in Table I. Record 
the time for e^ch run. Make a calibration -^ot^,^ Energy (keV) 
versus channel number (see Figure 4) , ' 
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Table I 

Energy Calibration Data for a Tube Excited System Si (Li) 



Sample 


Photon Energy 
(keV) 


Peak 
Channel 


Resolution 
(eV) 


Counting Rate 
CQunts/min 


Mn Kai 


5. 898 








Mn Kgi 


6.409 ' 








Ti Kq(1 


4. 510 








Ti Kgi 


4.931 








Cu Kai 


8.047 








Cu Kgi 


8.904 








As Kai 


10.543 








As Kgi 


11. 725 








^ Koii 


14.957 ' 










16.736 
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Figure 4 

Calibration Si (Li) Ti, Cu, As, Y, 
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Pollution samples or other samples can now be studied • Run 
each sample for a long enough time to get reasonable statis- 
tics in^the peaks of interest. Figure 5 shows a typical air 
pollution sample* 
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Figure 5 

Tube excited spectrum of an air pollution sample, 



ERIC 



In order to obtain quantitative information about a particulaf 
group, the procedures outlined in Experiments 4 and 5 may be 
used at this; point , 
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Data Reduction ^ 

EKerciae (aj | - \^ 

From the peak dhannal information in Table construct an 
energy cmlibration curve* Determine the slope of the calibration 
<^ curve. From i^b slo^ of the calibration curve and the FWHM for 
each peak llste*^»-Table deteCTwLne^ the resolution of eaah of 
thege lines. Fill in this ent^^ in Table I. 



Exercise (b) 

From Table I plot a curve of resolution versus energy for 
your system* For each peak listed in the table ^ sum under the 
group of interest and divide by the corresponding time and thus 
determine the counting rate for a given smiple under the condi- 
tions used. Fill in this entry in Table I, 

Exercise (c) 

For the pollution^ environmental^ or biological samples, 
determine what elements are present in the samples. Figure 6 
show^ a spectrum that was obtained from a camellia leaf with a 
molybdenum tube* Figure 7 shows a freeze dried blood SMiple. 
Figure 8 is a spectrin of a piece of dried swordfish* The 
mercury lines in the spectrum correspond to concentrations of 
the order of 3 parts per million* 



Exercise (d) 

In order to get quantitative information, the samples should 
be thin as in Experiments 4 and 5* Make up standards with known 
concentrations and compare the groups of interest with standards 
of these materials,. Table II which was taken from Reference 2 
shows a good agreement between tube excited X^ray fluorescence 
and NBS data for a steel sample* 



Table II 

X-Ray Fluorescence Compared to NBS Data for a Steel Sample 



Elament 


X-Ray Fluorescence % 


NBS 


Ti 


0. 37 


0.36 


Cr 


19. SO 


18.69 


Mn 


1.43 


1.28 


Ni 


10.92 


10. 58 
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Figure 6 

Tube excited spectruin of a cainellia leaf. 



Table III (also taken from Reference 2) shows a similar com- 
parison that was made on a plant spectrum Jor X^ray fluorescence 
and neutron activation analysis* 



Post-Test 



6.1 Discuss how X rays are produced in a ^ube-excited system or 
an X-=ray machine. 



Computer Programs 



GAUSS-6 can be used to find the centroids of the tube excited 
fluorescent lines* LINEAR-6 can be used to do a least squares fit 
to the standard samples that were used for the calibration curve. 
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Figure 7 

Tube excited spectrum of freeze dried blood* 
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Figure 8 

Tube excited spectruin of dried swordfish sample • 



^wable III 
Analysis of Plant Spectruin 



Element 


X-Ray Pluorescence 


Neutron Aativation 


Ti 


121 ppm ±5 


< .01% 


Cr 


26 ppm ±1 


aa.'s ppm ±0.9 


. Mn 


60 ppm ±2 


49.3 ppm ±1,4 




.1861 ±.002 


.201% ±,006 


■V- — 


8 ppm ±1 ' 


13.8 ppm ±3*0 


Cu 


21 ppm +1 


™# ™» ^ 




/ * 80 ppm +1 


84 ppm +8 


. Br 


4 8 ppm + 1 


42 ppm ±1 


Rb 


7 ppm ±1 


- ' ' ' - - ----- — - -is* - - - - - 

7.0 ppm ±1,4 


Sr 


. 9 7 ppm +2 


236 ppm +66 


Pb 


206 ppm ±3 





Additional References 

\ 1, F. S, Goulding and J. Walton^ Nuclear Instruments and Methods ^ 
Vol. 71, p, 273, 1969. . ~~ 




D. A. Landis, F. Goulding, and R, H. Pehl , IEEE Trans, on 
Nuc. Science , NS-18, No. 1, pp. 115-124, 1971. ^ ~ 

L. S. Birks, X-Ray Spectrochemical Analysis , John Wiley & Sons, 
Inc., 1969, pp. 71-79V " . 

R. W. Fink, R. C* Jopson, H, Mark, and C, Swift, "Atomic 
Fluorescence Yields," Review of Modern Physics , Vol. 38, 
pp. 513-^540, 1966. . " 




C. Lederer, J, M, Hollander, and I, Perlman, Table oj 
Isotopes , 6th edition, John Wlle^ a Sons, Inc. ,\ { 

R. D. Giauque, Radioisotope Source Target Asi 
Spectrometry/" Anal. Chem. , Vol, 40, pp* 2075-2( 
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?• C* L, Luko, "Determination of .Trace Elements in Inorganic and 
Organic Materials by X--Ray Fluorescence Spectrometry," Anal. 
Chem. , Acta* Vol. 41, p, 239, .1968, ^ — ' 

8, E* Salmon, "An Improved X--Ray Fluorescence Method for ) 

Analysis of Museum Objects," Advanqgs in XrRay Analyses , * 
Vol. 13, Plenmn Press, 1970, p. 94. 
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ANSWERS TO QUESTIONS AND PROBLEMS 

Rre-Test Anawers ■ 



1.1 c ^ Xf 

, f 



C 

X 



^ 3x 10^0 cm/sec 
10'® cm 

=3 X 10 19 oscillations/sec 



1.2 E ^ hf . . 

Where h is Planck's constant and is equal to 6,625 ^ 10^2 7 ©rg^s 
E = {g.625 K 10^27 erg-sacj (3 K iQl^ oscillations/sec) 
= 19.8 ^ 10"^^ erg * 

converting to units of keV 

r 1 eV 

E - (19.8 X 10-9 erg) ^ g ^ ^q^iV erg 



^ 12.4 X 10^ eV 
=12.4 keV 



2.1 An electron volt is the kinetic energy acquired by an electron 
which is subjected to a potential difference of 1,0' volt. 



2... 2 keV - 1C(^3 eV 
MeV = 10^ eV 
GeV =. 10'^ eV 



3 , 1 Postulates of Bohr theory of the atom 

«# . ■ 

a) An electron bound to an .atom moves . in a circular orbit 
about the nucleus^ under the influence of the, coulomb. 
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4 , 



. • attraction between the electron and the nucleus and obeying 
the laws of classical mechanics. - , ^ 

-> . ; ' 

hi. The allowed Electronic orbit* are those for which the orbital 
angular momentum o5 the electron, L, is an integral multiple » 
. of Planck's constant divided by 2n. - * . ' * 

c) Electromagnetic radiation is emitted if ^n- electron , initi- 

^ ally moving Lm an orbit of total energy Ei^^ suddenly changes 
• i-ts motton s6--^^ ^^^^^ of total energy, 'Ef. 

The frequency of the entitted radiation is f = (Ei-Ef ) /h. 



3.2 ' - Ef = hf , . ' 

= (6.^25 X 10-2 7^ erg-sec) (8.45 x 10^^ oscillations/sec) 
= 56 X 10-9 erg 



35 keV 



4,1 The force is given„by the familiar coulomb's, law for point 
charges , 

F = .J- 

4neo 

'where qj and are the electronic charges, r is the distance 
separating the two electrons and eo is the permittivity of ' 
free space, and has the value 



CO = 8. 854 X 10-12 coul2/n-m2 
1 (1.6 X 10-19 coup 



2 



4n(8. 854 X ,10-12 cQ^i2/j^^j^2) (0.05 m)2 

- 9.2 K IQ-^^.n- ^ . 

i 

4.2 The nuclear coulomb barrier height is defined as tha pointf 
' where the coulomb barrier reaches a maximum value. This, 
occurs at the nuclear surface of the atom of zinc. The 
maximum height of the barrier is %iven by ^ 

R = (Ze) (ze) 
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where %m is the nucl|ar chargevOf the zihc atom, is the 
iincidetit alpha particla charge, and R is the nuclear radius 
of zinc, & - 

. '-^ ' ■ 1 ■ ^ . 

R 1.2 ^ A ^3 fermis 

- X - ^ ^ ^ " " ; , . . 

^ 1.2 X. (64) 

\ - , ' ' ' ■ * 

-4,8 fermis ^ . 

J?. ^ - ' . ^ • 

Multiplying both th© numerktbr and denominator by Planck 's^ 
constant diviiad by 2n and the speed of light, one obtains i 

„ _ Zz e^ *G 

substituting . - ' 

^ the fine structure constant, a ^ 
and ftc, ^197.32 MeV - 4ermis 



TTTl^^iSr TfT (197.32 MeV - fermis) 



B = 

^ 18 MeV 



i 



In a multi-^electron atom there can never be more than one 
electron in the same quantum state. 



= hf - w ^ 

max 



- (6,625 X 10^27 erg-sec) (10^ 6 cycles/sec) - 4 eV 
^ (6.625 X 10^11 erg) (lev/1.6 x lO'^^^ j^rg) 4 eV 
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6,2 If the incident photori is completely absorbed by the e , the 
conservation of total, 'relativistic energy gives t 



E "fe EoT ~ Efli¥ 



wher6 E. can be rewritten 



= hf = 



he 



and 



^ " Q 



p c + /plc^ + m^e 



Pi - O^'.since initially the momentura of the electron is equal 
to zero- * , ' ^ / 



Therefore , we have 



/ 
/ 



c + m c' 



By the conservation of momehtum^ 

-f 

Substituting in the# above equation for we obtain 



Hence ^ both total relativistic ' energy and moinenturn cannot be 
conserved, 4 

■ r ^ # 

7,1 In electron capture, the nucleus capture^ ^ ,negatiyely charged 
atomic electron. The atomic number Z decfeases ' by one and the 
neutron number N increases by one. The energy available for 
^electron capture by the nucleus is . ^ J 



Z-1 



M 



In internal conversion, the excitation energy of the nucleus 
is transferred directly to the el%^ron through the coulomb 
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inferaction between the two. The nucleus de-excites, and 'the 
electron is ejected,- , . 

7.2 E = M(50v)c?\- .M(''"Ti)c=' - 1.55 MeV =' ' ' J ' , 

= (49..9472 amu)c2 - (49.9448 amu)c2 - 1.55 MeV ° . 
' 1 amu =931.162 MeV ' • 
E - 46,508. 93^eV - 46,506.7.0 MeV - 1.55 MeV ' 
= 0..6 85 MeV^ 



, Post-Test Answers ' ' 

l.-l The energy of the characteristic X-rays dependB on the binding 
energies of the electrons in the inner shells. With increasing 
atomize number, these binding energies increase uniformly, 
due to the increased nuclear charge and are not affected by 
.the periodic changes in the number of electrons in the outer 
shells. 

1.2. A 1.0 curie source has an activity of 3.7 x iqIO disintegrations 
per . second. 

0,1 mCi = 1 X Lo^^ Ci 

Hence, a 0,1 mCi source decays at a rate of 3.7 x lo^ ^ 
disintegrations per second. 

1.3 To shield the lithium drifted silicon detector from the ring 
source of radiation. ^ 

Number of 'counts z 3000 counts/channel x g channels 
; ■ z 18,000 counts 

15 a) — = 11.729 eV - 4931 eV 
dc 214.63 ch = 83,17 ch 

^ 51.71 eV/ channel 
dE _ 14,933 eV - 8041 eV 



b) 



dc 277.41 ch - 143.29 ch 
'= 51.40 eV/channel 
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1.6 ay 1q X |o 

(2)5 32 

b) 5 

1.7 Yes . ' 



•5 1- * V ' 

2.1 An internal conversion coefficient is the ratio of thelpro- 
babillty for emitting^ aff-elwtron f«jm 
probability for emitting a gamma ray. 

3,1 Escape peaks may be produced in a gamma-ray energy spectriim • 
If the energy of the incident gamma ray, Ey, is -greater than 
the rest mass energy of two electrons. If the incident gamma 
ray interacts by means of the pair production process, then, 
1.022 Mev of energy is required to produce the electron- 
positron pair and the remaining photon energy is given to 
the charged particles as kinetic energy. This kinetic energy 
is^ deposited in the detector, as the" two charged particles lose 
■energy through coulomb interactions and come to rest. The 
positron and an electron annihilate each other producing two 
511 keV photons. If both 511 kev photons escape the detector 
then' a double escape peak of energy, E^, is produced. 

E , = E - 1.022 MeV 

If one 511 keV photon is detected the energy of the es-cape 
peak, E^, is " 

' ( 

Eg'^ ^ 0,511 MeV J - ' 

If both 511 keV photons are detected then a full energy peak 
is observed. ^ 

3.2 An Auger electron is an electron ejected from an atom in a 
radiationless transition* For example, an atom in which a 
K shell electron has been ejected has a large probability of 
emitting a X ray as an L shell electron falls into the 
K shell. If, however, the atom de^excites through the 
emission of ^an L shell electron, the radiationless , transi- 
tion is called an Auger transition and the L shell electron 
ejected is an Auger electron. 
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1 The number^ of counts' an o^erver would eKpeot to find in the 
peaks ■ i^ '^ivpn toy the expressioni ' ^ 



D - P . Air 



where. N^'^ ni^riber of disintegxatlohs per second of the 
^5 HyCi ^?*^Am souree ' , 



T - total time in seconds ' ^ 

number of photons emitted pei' disintegration. 
(App^ndiK IV — ^Table I) \ ' ' 



£ ? efficiency of the Si(Xii) detector (Figure 13) 
dO - dA/r^ = solid angle of detector, 

N^^^ - <5 X 10"^ X 3.7 X lOiO disint/sec) (600 s^ec) 

X (0,135 photons/disint) (1.0)^3 x IQ-^ steridian 



4Tr 



358 photons 



N^g - 535 photons 



N^y = 12 5 photons 



Njg ^ - 44 photons 



^ - 76 photons 



Present-day X^ray tubes produce Xrays through the collision 
of electrbns with a heavy material s^uch^ as tungsten. The 
electrons are produced by a heated filament and are acceler- 
ated to high velocities by means of an electric field' before 
striking the ^node material. ThevX-ray tube is operated at 
high vacumn in order that' the largest- number of al-ectrons 
will impinge'^ upon the ^ode material.' X rays fitted frdm 
the anode material are defined into a beam by lead collimators 
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MODULE^ TWO . * ^, 

, , CtUlRGED PARTICLE DEraCTIQN 

m ' ^ - 

^ Module on .Charged-Partidle Detection Using 
Silicon Surface Barrier Datectors 



INTRODUCTION 



Solid-state detectors hav^ been in use 'for the detection of 
ionizing radiatibn for the past^two decades. The first use of a * 
p-n junction device as solid state detector was by 1^. G. McKay 
fqr alpha particle detection. Since then^ their use has 
revolutionized charged particle detection. 

^^pi^onductor charged particle detectors may be, used over a 
broad ran^e of energies and pro jectiles^from 20 keV electrons to 
20 0 MeV heavy ions. These surface-barrier detectors may be pre- 
pared with energy resolution of better than 0,5% which is surpassed 
only *by magnetic spectrometers. The^ timing characteristics of 
these detectors .(%1 nsec pulse rise time) are good enough to 
perform fast coincidence experiments and in addition their 
efficiency is essentially 100% for their active volume.^ 




The module ^aB^ists of three eKperiments which may be per- 
formed by the student. In the first experiment the student will 
be introduced .to some of the procedures and detectors coimnonly 
eirtployed in alpha particle studies. In Experiment 2 the student 
wifLl be familiarized with the use of solid' state charged particle 
detectors for, conversion electron spectroscopy. In Experiment 3 
a thin transmission surface barrier detector is employed to 
dei^onstrate "state of the a;rt" nuclear timing techniques. 

This introductijon is followed by the objectives "^for the 
modiile, a list of ^ prerequisites which the student should have 
befire attempting this- module, and a theoretical section which 
disqusses some of the basic concepts of radioactive decay and 
semiiconduc tor detectox^s. 

OBJECTIVES ■ ' 

iTo familiarize the student with the use of solid state 
charcjt?d particle dotGCtors for alpha particle studies aM 
convo-r^^ ion olectron spectroscopy . 
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PREREQUISITES WITH PRE-TEST QUESTIONS AND PROBLEMS 
1* Coulomb Force I . ' 

1.1 Determine the magnitude and direction of the coulomb force 
between two electrons ^5 cm apart. ^ 

1.2 What is the nuclear couloitdD barrier height in MeV for a 
5 MeV proton inciden^ upon an atom of copper (A = 65), 

2, Electron Volt (eV) , keV, .4feVi ^ 

2.1 How is an electron volt defined? 

2.2 Hov^ is the eV related to the multiples keV^ MeV, GeV? 



THEORY 

Natural Radioactivity ^ 

Naturally occurrin<^ radioactive isotopes emit alpha, beta, 
or gaimna radiatiom If an alpha particle is emitted by the nucleus 
of an atom, the atom is transformed into a new atom which has its 
atomic mass. A, decreased by 4 units and its atomic number, Z, 
decreased by 21 units. If a beta particle is emitted from a nucleus 
I of atomic numb^er, 2,, the atomic number of the new atom formed is 
2 + 1 and the atomic mass remains the same. Two genetically 
related nuclei are called isobars.. Gamma radiation is sometimes 
associated with either alpha or beta decay of a radioactive nucleus 
I 

/ Almost all the radioactive nuclei occur within the range of 
^^^^mic numbers Z = 81 to Z = 92. These elements have been grouped 
into three genetically related series i the uranium-radium series, 
the thorium series and the actinium series, A very ^ong-lived 
isotope begins each series while one of the stable lead or 
bismuth isotopes ends each. 

Rate of Radioactive Decay 

The decay rate of a particular radi^cti4£e material is a 
constant that is independent of physical and chemical conditions-. 
The average number of atoms, dN, that will decay in a small time 
interval, dt, is proportional to the number of atoms, N, present 



at the time, t. 

id 



K 

^ ANdt 



♦ * 
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The constant of proportionality ^ is the dacay constant 

for that particular radioactive isotope. Integrating^ one 
dbtains V 

N ^ Nn a-*^^ . ' * ' 



where Nq is the n^tiber of atoms present at time t ^ 0* Hence ^ 
the ntm^er of^atoms of a given radioactive substance decreases 
exponentially with time assuming no new atomg. are introduced. 



At the end'of a cprtain time interval^ called the half-life 
of the radioactive element,, half of the atoms will have decayed. 
This time interval mayrbe determined by setting N = Nq/2 and 



t = with the result 



Xtj^ ^ In 2 

. ^ 0.693 
tL - 



The mean lifetime is defined as 

• • -Ol t - = 1 

S IrTT "I 

■. . ■• ■ . ' 

and is just the reciprocal ofjTthe decay constant. 

4 

Activl^ Qf k Radioactive Source 

The activity of a radioactive source is norraally expressed as 
the nui^er of disintegrations per unit time. A commonly used unit 
is the curie and is equal to 3.7 x 10 i° disintegrations per second. 
The curie was originally based on the rate of decay of a gram of 
radium. More convenierit subm^ltiples of the curie are the milli- 
curie (1 mCi = 10"^ 3 curie) and the microcurie (1 yCi ^ 10""^ curie). 

Alpha Particle Energies ^ V 

The energies of known alpha particle emitters range from 
8.9 MeV for ^|2po to 4.1 MeV for ^|§Th. Alpha particles may he 
detected and their energies determined very accurately with 
silicon surface barrier detectors, ' 



I 
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Samiconductor RadlatiQn Detectors 

^Conduction Pmr tides ^ 

Chargad particles or photons are detected in semiconductof^^ 
detectors by the production of electron^hole pairs as the incident 
particle passes through thp material. Both the iigctrons and 
holes may be collected and constitute a current. For a silicon 
detaator an electron-hola pair is produced for every 5 eV o£ 
energy deposited in the detector or about 1.5"^x 10® oairs for a 
5 Tie V i n c i dent^'par^ Id 1 e . ^ ^ 

SamiconduQtor detactbrs are just what their nafie^ impliesi 
they arj^ s^iconductors and hance have a large nunJ^er of^oharga 
carriers present in the crystal lattice — not as maaiy aq/conductors 
but considerably more than insulators. In silicon at room tempera 
ture there are about 10-^ pairs per cubic centimeter. This rapra^ 
sents a considerable number of conduction particles and is far too 
large for Si to be used as a radiation detector. The reason Si 
has s6 many pairs of. conducting particles is because the band gap 
between the valence and conduction bands is only 1.2 volts and at * 
room temperature lattice vibrations sometimes produce electron 
hole pairs by breaking the covalent bonds between electrons and 
exciting theminto the conduction band. In fadt, this is the 
primary difference between insulators and semiconductors; the - 
band gap is larger for insulators. A band structure diagram 
for silicon is shown in Figure 1. , 
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Figure 1 



Band structure diagram | 
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n^Type and p-Type Semiconductor Materials 

It is possible to reduce the conductivity of silicon to a 
var^ low lever and make it useful as a radiation detector. This 
is done by substituting another atom in the silicon lattice with 

?ne more valence electron than silicon. For example, silicon has 
our valence electrons and phosphorus has fiva which, after all 
cova2/ent bonding is complete, leaves one electron which is weakly 
bound ♦to the phosphorus atom and may be considered to ^e free. 



Jvery phosphorus ^'tom adds one free ^«ctron in ^ Sie . lattice and 
in addition reduces the nun^er of holes present since the greater 
the number of electrons^ the greater the , probability that an 
elytron will fall from the cinduction baad back into a hole in 
th#-Kfalence band and hence reduce the number of holes* Thus, 
the intrinsic silic9n wt^ch contained the same number of conduc= ^ 
^ion holes anfl electronsrhas been changed by" phosphorus do^ng 
to a "material with a larg^ number of conduction electrons and 
few ^ holes*. Therefore ^ th^\conduction of electric current -^tll 
.^be^primarily by the electro^-^ Since electrons have a negative 
charge th^, phosphorus-^doped-f ilicon is called an n-type 
Semiconductor material , . * 

'It is also possibly to produce a p-type material by doping 
silicon with a material which has one less valence electron than 
silicon* Boron only ha^ three valence electrons , The electronic 
^struGture of boron isif^ls^ 2s^ 2pl. Boron-'doped silicon is a 
p-type material and current is conducted primarily by the motion 
of holes". ' ^ ^ 

/ 

p^n Junction Diode ' ^ 

A detector is made by producing a p--n junction in a 2ingle 
piec^^f -silicon , Figure 2(a) shows a single crystal dopsd with 
phosphorus on the right and bo^ron on the left. The phosphorus- 
doped side has excess elec&on charge carr iers--and the boron=doped 
side has excess hole charge carriers. Figure 2^h) shows the' same 
crystal with an electric^f ield applied across^ the crystal. The 
free holes ih ^he p-type material are driven to the left whalffl- 
the freet elti^trons i-h the n=type material are driven to the right 
leaving a layer in '^the center of the^' crystal which is depleted 
of almpst all ci/arge carriers. This is called the depleted layer 
which acts as an insulator. This depleted layer has the charac- 
teristics requirGd for a detector. An incident ionizing particle 
will leave a path Of electron^hole pairs v^Jiich will be swept out 
by the electric field and the charge collected will pass into an 
extet^nal circuit, i 

A silicon p-n jH^ction detectq^ is shown in Figure 2(c). The 
n^type material is made wafer thin so that the incident ionizing 
particle will lose o-nly a minimum amount of enejrgy before reaching 
the depleted layer. I^ypically^ these j^^ayers of n-type material 
will be yQ.lu thick Hu = 10^^ m) , " ' 

^Silicon n-^p junction detectors hav*e been made with surface 
areas up to 1 cm' and sensitive thicknesses or depleted layers 
1 mm thick. This thickrioss will completely stop a io MeV proton - 
or a 40 MeV alpha particle. " » 
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p-n "function #ith zero a|)plifed bias- 
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b) p-n junction with an appliad reverse bias* The arrow* shows 
direction of the electric field and the direction of .motion 
o poaifeive charge, ^ 
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c) silicon p-n juitction radiation detectors 
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Objective 



' ' • ' ' . Experirnent 1 * 

The Use of Solid State Charged Particle 
Detecbdrs for "Alpha Particle Studies 



To study the application of silicon surface barrier detectors 
alpha spectroscopy ; to construct an energy calibration withi a 
single alpha source and a pulse generator, to determine the absolute 
Energy of an unknown alpha source. 

References 

— = . 3 i , 

1/ G. Dearnaley and D* C. Northrop, Semiconductor Counters for ' " 
' Nuclear Radiations , 2nd edition, Wiley"; New York," 1966,. 

2. J* M, Taylor, Semiconductor Particle Detectors , Butterwor ths ,- 
Washington, 1963. ' , " " , 

' ' ' ■ , 

3. F, S, Goulding, "h'Survey of the Applications and Limitations 
of Various Types of Detectors in Radiation Energy Measurement," 

' IEEE Trans. Nucl. Scii. , NS-ai(3), 177 (June 1964). 

4. G. Dearnaley, "Nuclear Radiation Detection by Solid State 
Devices," J. Sci . instr. .43, 869 (1966). 

5/ , J. M. McKenzie, Index to the Literature of Semiconductor 

Detectors , Government Printing Of f ice / National Academy of 
Science , Washington^, 1969, 



Introduction 

In this^ experiment we wxll outline the use of silicon surfacn 
barrier detectors for alpha spectroscopy. 'However, the techniques 
and methods used in the experiment . will be applicable to many other 
experiments that will be done in the manual . 

Surface barrier detectors for charged particle spectroscopy have 
wide application in physics and nuclear chemistry. These detectors 
can be constructed with active detecting areas as small as 1 mm^ or 
as large as 25 cm^ . They >are 100% efficient for alphas over their 
active area. Resolutions ^as low as 8 keV have been obtained for 
5 MeV alpha particles* Perhaps the most impressive feature of the 
detectors is that they can be used for virtually any charged parti- 
cle and tliuir dynamic ranj^je is quite impressive. These have been 
used in €:?xj.icr imen ts for 200 olectron volt recoiling electrons and 
for 200 MeV hGavy ion studies. For example. Figure 1 shows a pulse 
height spectrum c^f 120 keV scattered electrons from an accelerator. 




On 'the other hand^ Figux^e 2 shows a spontaneous fission fragment 
spectra from ''^'^Gf , In this case, the upper energy fission group 




30,0 
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Figure 2 

Fission fragmeiuit spectrum of ^ '''CL^ 
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IS 110 MeV. /There are many applications in nuclear chemistry in 
which charged particles are measured in order to establish some 
parameter in a 'chemical system. Surface barrier solid state 
radiation detectors do an excellent job in this capacity. 

Equipment '"' ■ ' ' 

1. Radioactive Sources as follows: 

a) 0.1 uCi '-'*iArn ' ■ ' 

b) ' 0.1 yCi 2 3 1p^ 

c) 0.5 uCi •'-^OTh 

d) unknown alpha source 

2. Solid State Surface Barrier rDetector with the following parameters 
resolution (30 kev) , area (50 mm^)^ depletion depth (100 microns) 

3* Bias Power Supply, for the Detector ' • ^ ^ 

4. High Resolution Pre--ampli f ier - 

5* Spectroscopy Amplifier 

_ _ . ' ...^ 

6. Simple Vacuum Chamber and Pump 

7. Nuclear Pulse Generator 

8. Multichannel Analyzer (^^-'400 channels) 

9* Biased Amplifier (optional; some multichannel analyzers have 

, biasing capabilities built in) 

10. Oscilloscope . ' 

Procedure 

1. Set up the electronics as shown in Figure 3, Place the ^^1^ ' 
source in the vacuum chamber and pump down. Adjust the bias 
voltage to its recommended valne. Set the gain of the amplifier 
so that, the strong peak from ^''^-hm falls about mid-scale^ in 
the multichannel. Figure 4 shows a spectrum of which 
indicates the two alpha groups that are seen if the multichannel 
has enough channel capacity. if the 5,48 MeV alpha is placed at 
'mid=scale of a 400-channel analyzer, the two groups will 
only be separated by 1.5 channels and, hence, "it is impossible 
to show the separation seen in Figure 4, Nevertheless", for 
this experimen^ it is not necessary to, show the separation, 

2. Accumulate a spectrum for the "'^^Am source for a period of time 
long enough to obtain about 10 00 counts in the peak channel. 
Readout the mul tichannel and plot just the alpha peak as in 
Figure 4. Call the 5.48 MeV peak position channel Cq. 
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a spectroscbpy with biased amplifier, 
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Figure 4 

Spectrurn of -""^Arn taken with a surface barrier detector 
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Turn on the nuclear pulse generator and set its pul/se heiqht ^ 
aial to 548/1000. Most pulse generators have pulse height 
dials that are . ten turn potent iom&ters . Each turn contains 
100 divisions; and, hence, full scale on the, dial represents 
1000 divisions. ;.t is thus convenient to express , the dial 
•setting as the ratio of the dial setting to the full scale 
setting. Observe .where the peak 'is being stored in the multi- 
channel. Adjust th€ normalize dial until the pulser peak falls 
exactly in= channe.1 C^. The pulje generator is now calibrated 
so that full scale on the pulse height, dial corresponds to 10 
MeV. Therefore, to generate a 6.0 MeV pulse, it is only 
necessary to set the pulse height dial to 600/1000, etc. 

Erase the mul tich.annel and store pulser pulses for about 20 
seconds at a pulse height reading of 100/1000. Repeat for the 
other valaes that are shown in Table I. Readout the multi- 
channel and fill in Table I. Turn off the pulse generator, 
but do not disconnect (disconnecting the connector may change 
the impedance and therefore the gain by a few channels) . 



Table I 

Nuclear Pulse Generator Calibration Data 



Accumulation Time 
(approx. , sec) 


■ Pulse Height 
Dial Setting 


— >t — ^ — ^ — 
Equivalent 
Energy (MeV) 


Channel Number 
of MCA Peak 


20 


" ; 100/1000 


/ 1,0 




20 ' , 


200/1000 


■ "-^^r^; - - 
2,0 




2,0 


300/1000 


3 . 0 




20 


400/1000 


4,0 


— ■ _ - - = ^ 


40 

* — — = — = 


^5- ■ . ^ 

500/1000 


5.0 




20 


600/1000 


6.0 




20 


700/1000 


7.0 





5. Turn oft the detector bias supply, let the vacuum chamber up 
to air, and replace the ^"JAm source with 2 3lpa. Pump back 
down, turn on the bias- and accumulate a spectrum (see Figure 5) 
for a time period long enough to be able to determine the major 
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peak positions in t^he spGctrum. 
fill in thr c^hnnnn V i t: i otir 



RGadout the multichannp] and 




Table li 



Alpha Peaks from a ^^^Pa source 
(See Figure 5) 



' Nuclide 


E,-.^ (MeV) Theory 


Channel Number 


E^^ Measured 
" (MeV) 


2 3ipa 


4. 72 








4. 94 






2 3ipa 


5.01 








5.71 








6.80 






: I Spo 


7.3 6 


1 
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ReplacG the --^ipa source with 2 3 0rph accumulate a spectrum 

for a time period which is suf^cient to show the pronounced 
^ll^s for the source. Figure 6 shows a typical spectrum from 
" Th, From the readout^ determine the channel numbers 
associated with these peaks. 



3^30ThSAMPLE 



23OTh{8.0 X 10*y) 



.068 
0 



jL 



i^^ ^ 4 J82 MeV 



FWHM 

22 KeV 
E,- 4.614 MeV ^ 



RELATIVE CHANNEL NUMBER 



Figure 6 

Pulse height spectrum of ^^^Th with decay sche 
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J 



Obtain an unknown alpha emi tting source f roin. tli^ ins.txuctor, 
replace the - °Th ^source with this unknown^ and accumulate a 
spectrum as in Procedure 6. Determine the pfeal^: channels. 
Figure 7 shows a spectrum of 234^ which migh't-kave been', 
used as an unknown. ' ^ -.^ 



> 



E,^ - 4768 MeV 



FWHM 

25.5 KeV 
4.717 MiV* 



0.174 



0.053 




RiLATIVE CHANNEL NUMBER 

Figure 7 

Pulse height spectrum of .2 3 4^ ^^^h decay scheme, 
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®' ?et'u2^ih-^^^? °^ ^^^^ ainplifier in alpha spectroscopy). 

Set up the electronics as shown in Figure 8. Place the 2 3 i Pa 
source m ;th| vacuum chamber, pump down, and turn on the detec- 
tor bias voltage. Turn on the pulse generator and set its ' 
pulse^height dial to '450/1000. Set the gain of the Mas 
fiit"l±lAlnn ^'^^ ^"^^^ ^°"trol on.the bias ampli^ ^ 

fhf r. -J^ F^""" °" multichannel and visually observe 

as iTw^^''" f P^?^- be about mid^cale 

as itjwas m Procedure 3. Now, raise the bias level on the 

on^ihe m'lf 'h^ visually observing the position of the peak 
on the multichannel. Continue raising this bias level Sntil 

We have'n" '1 ''^'^^ ^he first few channels! 

we have now biased out all nuclear pulses below 4.5 MeV " Set 
tne pulse generator for an 8 MeV output pulse (800/1000) and 
observe where the pulse is being stored in the last^few 

from"! I f.r''^ analyzer. The multichannel is now calibrated ' 
rroin 4.5 MeV to 8*0 MaV. 



Bid5 Supply 




Bias Amplifier 



Multrehanngi 
Anilyier 



Electronics -for alpha spectrosoopy 
with biased amplifier 



9. Erase the multichannel and store the 8 MeV pulse for about 20 
■ seconds. set -the pvalser at 7.5 MeV and store for 20 seconds 
Continue for the other values in Table ill. Readout the ' 
analyzer and fill in the v^es. Note, the peak at 700/1000 
was stored for 40 seconds ^her than 20 seconds. >he r.^^on 
for this IS so that it can be recognized on the readout-" ' rV 
'l^V point 'wtl/ri^'' "P."-" P^^^ is which; the ■ 

the otherpeLs '"'^ "^"^ '"^"^ 

' rTifp" pulse generator, erase the multichannel and stor. 

statistir.'''^ fn"' ^ enough period to obtain good ~ 

Hiido^t^the^muSfc^ann^U^^' '^^'^ ''^'^^ ^^^^^ ^ ' 
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Table III 

Calibration with a Nuclear Pulse Generator 
and a Bias Arnplifier 



Accuinulate Time 
(approx. , sec) 


Pulse-Height 
Dial Setting 


Equivalent 
Energy (MeV) 


Channel Number 
of Peak 


20 


800/1000 


8.0 




20 


7S0/1000 


7.5' 




40 


700/1000 


7.0- 




20 


650/1000 


6.5 




20 


600/1000 


6.0 




20 


550/1000 , 


5.5 




40 


500/1000 


5.0 





Data Reduction 



Exercise (a) ^ ■ 

From.the data collected in Table I, plot ^calibration curve 
of energy vs channel number* Figure 9 shows a typical calibration 
curve that was plotted for similar data. Determine the slope of 
the calibration curve. From the slope and the -^^Am spectrum 
collected in Procedure 3 determine the resolution of the alpha 
group. Resolution is given byi 

R ^ (FWHM) (Slope of Calibration Curve) 

where the FWHM is the full width at half maximum of the alpha, peak. 
In other words, it is the width in^ channels of the peak at half of 
its height, ' 



Exercise (b) 

■From the calibration curve and the readout of the ^^^Pa 
spectrum in Procedure 5, fill in the rest of the data in Table II. 
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4 ^ 

^ 



0 

0 



^^50 ?00 -300 " * 

CHANNfl NUMBER 

Figure 9 

Calibration curve for charged particle detector* 

How do your numbers compare wLth the accepted valuer in column 2 

rr. source? Determine the resolution . of each of ^the gr6ups 

in Table II, - •> - c 



Exercise (c). 

Determine the energy and resolution of the unknown alpha 
source m Procedure 7 from your calibration curve. 

(The rest of the exercises gu with the optional portions of the 
experiment Procedures 7 through 10.) 

i 

Exercise (d) 

Plot a calibration curve for the data collected in Table III 
Determine the slope of the calibration curve. Note that the slope 
IS qui,te different with this data as compareff-to that which was " 
obtained m Table II. Figure 10 shows a typical plot for Table III. 

u comparing Figures 9 and 10, the slope changed from 

2j keV/channel to 9.2 keV/channel. The bias ampli fier , there fore - 
allQwn one to look with better detail at a given spectrum 



Exercise (e) 

=,n -, ^^""i V'"" c^lib.^'ation curve in Exercise (c) determine the energies 
in ProGedure^'S'o' Pronounced peaks in the 23lpa spectrum collected 
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BIASED AMPLIFIER CALIBRATION CURVE 




CHANNEL NUMBER 



Figure 10 



Pulsar calibration curve with^^iased amplifier 



Post-Test 

1.1 What' ar^e nuclear isomers? 

1.2 Define a curie. 



1.3 An alpha particle disintegration is represented 
reaction equation of the type ^ 



a nuclea 



where ^Ml is the parent nucleus/ 
A- 4 - . 

2_^M2 is the daughter nucleus^ 

and Q-^ is the disintegration energy and repx^esents the 

total energy released in the process.' 
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conservation of energy and ^omentto. 'Assuine that the parent,. 
, nucleus is at rest initiallyT. , ' Pdrem:,^^^ j 

1*4 What are nuclear isobars? " % ' ' * 

1.5 .Deterinine the nymber of alpha particles per second emitted- by- ^ 

b mg of radiim^and express this number in vmillicuries, ' ' 

1.6 « Determine the amount of* 2i0po necessary 'to^rot^fde 3'''mCt'^- 

source of alpha particles. ' , " " 4- F' 

Computer Programs 

The program GAUSS=6 can be used to find the centroidsof all 
the peaks, and for the two calibration curves the slope can be 
found from LINEAR-6. Both of these programs are listed in the 
Appendix. 
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2. H. L. Anderson, "Alpha Particle Thickness Gauge .Using a Solid 
State^ Detector, " Nuclear Instr. and Methods . Vol. 12] p. 11 

3. H. C. Brill, H. E. Wegner, "Response of Semiconductor Detectors 
to Fission Fragments," Review of Scientific Instruments , Vol. 34, 
p. 274 (1963) . — — — _ _ , _ _____ , 

4. D. A. Bromley, "Nuclear Experimentation with Semiconductor 
Detectors," IRE Trans, in Nucle ar Science, NS-9(3), p 135 
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Experiment 2 
The Study of K an d L Shell Binding Energies 



To f'amiliarize^.the s tudeh'^Vi th the use of solid state surface 
barrier 'detectors for^'^onversion electron spectroscopy, to measure 
conversion electron spectra and thus determine the i^and L shell 
binding energies 6S ^ 0 ^Pb * and^^ ^ 3 In 
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1. K. Siegbahn^ editor^ ALph^^ Beta- and Gafnma-Ray Spectrosqopy , 
Vols, 1 and -2, North Holland Publishing Co . , ~Ams terdamV 19 65 , 
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Detectors , available from Government Printing Office, National 
Academy of Sciences, Washin|ton, 1969, 

C* M* ^Lederer, J. M, Hollander, and I, Perlman, Table of 
Isotopes / 6th edition, Wiley, New York, 1967, ~ 



Introducr-ion r 

Many radioactive isotopes that are used in chemical and medical 
research decay by a process called internal conversion. In the 
internal conversion process it is possible for an excited nucleus 
to giv^N its energy of excitation directly to one of the closely 
orbiting\^lectrons , Since nuclear energies are in general higher 
than, for ^ample, K-shell binding energies^ the result is that the 
K electron M knocked out of the atom. If the conversion process 
occurs with ak. L^shell electron, then it is removed from the atom. 
In any case, internal conversion results in X rays and conversion 
electrons. If the energy of excitation of the nucleus is E^^ then 
the energy of the K--shell conversion electron is given by 

E ^ E - K , (1) 

e X ab 
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-/-energy of the. conversion electron knd 
= the binding energy of the K electron. 

The values of K^^ are listed in the back of thii manual (Critical 
Absorption and Emission Energies) . 

the conversion proceas occure with an L electron, then the 
energy or the conversion electron is given by 

' E = E - L , ^ ■ (2) 

* s 

^ For many nuclei the quantity E^ is well knpwn; and^ hence/ 
Equations (1) and (2) can be used to determine the and L-shell 
.binding energies of the daughter nucleus. If E^ is not known, 
then it can usually be determined by measuring the gamma-^ray energy 
associated with the decay. For example, -^^Cs decays by bita 
emission to the 662 keV, level in ^ ^'^Ba , which then decays by gairana^ra 
emission or internal conversion. Hence, for a ^^^Cs source, 
one would see 662 keV garanas and K^internal conversion electrons 
whose energy are 662 keV minus K^j^ for ^^^Bsl (662 keV-36 keV^626 keV) , 

Radioactive sources for internal conversion measurements 
should be sp^ecially prepared for this application. The source 
should be thin and covered with a thin piece of Mylar, 



Equipment 

1. Radioactive Sources for Internal Conversion Measurements as 
follows: 

a) 3 yCi 13 7^3 

b) 5 MCi 207Bi 

c) 10 pCi .1 1 3Sn # 

2.. Surface Barrier Detector: thickness (1000 microns), area (50 
mm^), resolution (15 KeV for betas) 

3* High Resolution Pre-^amplif ier 

.4* Spectroscopy Amplifier' 

5. Simple Vacuum Can in Which to Make the Measurements ■ 



Solid State Detector Bias SuddIv 



JLJ.D 



8. Multichannel Analyzer J'\^400 channels) 

9. Osqilloacope . • 



Procedure m 

1, Set up the electronice as shown in Fi^re 1* Place the ^^^Cs 
source in the vaeuuin can and pmnp the system down until the 
mechanical pump ia quiet. Adjust the bias voltage to the value 
recoifiT^nded for the detector. Set the gain of the amplifier s. 




Ita Swra 



Viaum Cin 



Figure 1 

Electronics for conversion 
electron spectra. 



so that the output pulses from the - -^Cs conversion line fall 
approximately mid-^scale on the multichannel analyzer. (See 
Figure 2*) Accumulate a spectrum for a time period long 
enough to determine the centroid of the €24 keV group* Call 
this channel Cq. 

Turn on the pulse generator and a^djust the pulse height dial 
to 624/1000, This corresponds to|6,24 turns. Most commercial 
pulse generators have pulse height dials that are ten turn 
potentiometers* Adjust the ^nbrmaliie 'dial on the pulse gene-- 
tmtor until the pulser peak is being stored in the multichannel 
analyzer at exactly channel Cq* The pulser is now calibrated for 
1000 keV full scale. Clear the multichannel and store pulser peaks 
for about 20 seconds each for the pulse height values shown in 
Table I, Readout the multichannel analyzer and record the channel 
positions for the indicated groups. The system is now ^ 
calibrated. 
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"^Km BETA & CONVERSION ELECTRON SPECTRUM 




^ ! 




10© 150 aoo 

CHAI#CL NUMtCR 



250 



300 



Figure 2 

Conversion electron spectrum from a ^ 3'7cs source. 



• Table I ' 

Pula-e Generator Calibration 



Pulse Height 


Energy (keV) 


I r = . — 

Channel No, 


1000/1000 


1000 




800/1000 


800 




600/1000 


600 , ; 




400/1000 


400 ■ . " 




200/1000 


200 





3. Turn the bias voltage down to zero, remove the ^^^Cs source 

and replace It with a ^07^^ source. Pump back down and adjust 
tne bias voltage. Accumulate a RDPci-T-nm -FnT- 2 07t,j ^^^'^^^^^ 
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4 * Remove the 



2 0 7i 



Bi source and replace it with the ^ V^g^^ source, ' 
Accumulate a spectrum for a long enough time ^to get good statis- 
tics in the L conversion electron group. Readout the multichannel, 
Figure 4 sKow^ a spectrum that was taken for a ^^^Bn source. 



Data Reduction 
Exercise (a) 

From the information recorded in Table 1/ plot a calibration 
curve energy versus channel number* An example of such a plot is 
shown as the straight line in Figure 3, The ordinate is labeled as 
energy on the right hand axis, The^slope of the calibration was 
2.71 keV/ch for that amplif.ier gain setting. Determine the slope 
of your calibration curve. , 



Exercise (b) 
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Resolution = (PWHM) (Slope of calibration curve) 

and the FWHM is the number of channels across the half height of 
the peak, , - 



Exercise (c) 

From the calibration curve and the readouts taken for 2 0 7gj^ 
antf ii3Sn fill in Table II. 



Exercise (d) 

From Equations (1) and (2) and the data in Table li, caldulate 
the K- and L-binding energies for ^^-^In anh 207p^ ^ doing this 
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Table It-' 



Source 


1 - - ^ - - ^ - ^ « 

Convarslon Line (keV) 


Measured Energy 
(keV) 




1047 




20 7Bi 


974 




2 0 7Bi 


5S4 

» 




2 0 7Bi 


489 






387 V 


IjJ 


H3sn 


363 


if 

- . _ . _ / 



EKsrclea (e) 



Calculate the difference in binding energy between the K . 
and L shell for ^^^In assmning that you don't know the energy 
of excitation E^. (Hint: write out Equatione (1) and (2) and 
determine what has been experimentally determined,) Repeat for 
the two- pairs r-^ conversion electrons for ^°^Pb , 



Exercise (f) 

The ratio of conversions to the K an^ L shell for a given 
nucleus can be determined simply by summing under these various 
groups and then taking the ratio of the sums. Find these ratios 
for all the conversion spectra that were measured. 

Post-'Test 

2*1 ' i3 7cs decays by beta decay to the 0,6 62 MeV level of l^^Ba 
which decays by gamma^ray emission or electron conversion* 
What are the kinetic energies of the K-andL-shell conversion 
electrons? 

2*2 The 1062 keV gamma rays from ^^^Bi are incident upon a piece^ 

of uranium. What is the kinetic energy of the ejected K-shell 
electrons? . . 



Computer Programs 



e^troids of the peakiV LlNBAR-i OTh be used to obtain a least 
squares fit, to. the calibration, dkta^ in Table I. 

Additional References - . 

^' H*if* Nuclear Ra diation Detection . 2nd edition, McGraw 
Hill, New York, 1964. 

^- Radiological Health Handbook , U. S. Department of Health, 
Education, and Welfare, PHS Publication, 2016, Washington, 

^ -«- ^ / u • 

3. G. Dearnaley and A. B. Whitehead, "The Semiconductor Surface 
Barrier, Detector for Nuclear Particle Detection," Nuclear 
Instruments and Methods , Vol. J.2, p. 205, 1961. ~~ — 

4. R. S. Bender, I. R. Williams and K. S. Toth, "Apparatus for 
Measuring Spectra of Radioisotopes with Half-Lives of Prom 
1 Sec to 1 Milli-second, " Nuclear Inst ruments and Methods, 
No. 40, Vol. 2, p. 241. ' ' 
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EKperiment .3 ; - 
An Alpha P artiole Time-Qf-Flight Experlmant 

Objective 

..To familiarize the student with "state-of-the-art" nuclear 
timing apparatus by measuring the flight time of an alpha partial 
over a given path length. " ^'\^J.pna. parricj. 

References 

1. G. Dearnaley and D. C. N'orthrbp, Semiconductor Cou nters for 
Nuclear Radiations . 2nd edition, Wiley,. New York> 1966. — " 

w ' h ' ' ^Semicondu ctor Particle' Detacters . Bu tterwof ths , 



( 



e 



3. 



4. 



Washington, 1963. 

F. S. Goulding, "A Survey of the Applications and Limitations 
TU^mi"""^ '^Pes'of Detectors irtjRadiation Energy Measurement,'* 
PEE pans. Nucl. Sci^ . NS-li(3), 177 (June 1964) , 

G. Dearnaley, "Nuclear Radiation Detection by Solid State 
Devices," J. Sci. Instr. 43, 869; 1966. 



4 5. J. W: ■McKenzie, gndex to the Literature of Semico nductor 

Detectors, Government Printing Office,' National Academy of 
Sciences, Washington, 196 9. ' ■ - . j 
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Introduction 



In this manual there are several experiments that use silicon 
surface barrier detectors in a rather straight forward manner to 
study alpha particles, conversion electrons, or beta particles. 

The recent advent of the thin transmission ' surf ace barrier 
detector makes other experiments, as well as the one described * 
herein, possible. The transmission detector is a totally depleted 
device which will give an output pulse whose magnitude is propor- 
tional to the enfergy deposited in the detector by the charged 
particle being studied. For example, if a 7.36 MeV alpha flSrticle^ 
goes through a transmission detector which is 26 microns thick, it 
will lose energy (AE) of approximately 3.61 MeV. Hence, the 
energy of the 7.36 MeV alpha will be reduced by the specific 
energy loss (dE/dx) in silicon of 3.61 MeV. The alpha particle 
which then emerges from the back of the hE detector will have an 
energy of 7.36 MeV minus 3.61 MeV or 3.7S MeV 
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the thin transmission detector (AE) to another detector which we wilT 
call thm (E) dptector. The physicai arrangement for this 
es^eriment is "shown in Figure 1. ^ . - 

Vacuuin Punp 



Detactor 



The Main Vacuum Tube m 
3=g 2" Aluminuin Tubing J j 




ector (Movable) 



To E Pre Amp 



To Pre 



Figure 1 

sical arrangement for alpha particle time-of-f light experiment, 



Equipment 

1, Vacuum Chamber (see Figure 1) 



2. 



6. 
7. 



Surface Barrier Detectori area (50 wm^)L thickness (26 
microns or less) resolution (20 keV) , transmission mounted 



E Surface Barrier Detectors area (100 
microns) ^ resolution (25 keV) 



) , thickness (100 



4* Detector Bias Supplies for the Two Detectors 
5* Nuclear Pulse Generator 

Two Electronic Time Pick-off Units and Controls 
Two, High Resolution Pre = amps for the Detectors 

8. Two Spectroscopy Amplifiers 

9. 50 Ohm Delay Box (0=30 nsec ) 

10. Time^to^Pulse-Height Converter 

11. Sum Delay Amplifier 

12. Multichannel Analyzer ('^^400 channels) 
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Procedure , • 

1. Set up the electronics as shown in Figure 2. The time pick-off 
unit derives a signal from the detector which is fed into the 
time-to-pulse-height converter (TPHC).. The TPHC -can . be con- 
sidered as an electronia-^lock. it produdes an output pulse ' 
whose magnitude is propoxtional to the difference in time 
between its start and the stop pulse. Simply speaking, what 
IS done in the eKperiment isi start the TPHC with the pulse 
and stop it with the E detector pulse. The TPHC thus measure^ 
the flight time of the alpha particles between the two detector' 
.The output of the TPHC is amplified, and fed into a ntultichahnel 
analyier. Before the alpha particle measurement is made, it is 
necessary to calibrate the TPHC. This is done with the nuclear 
pulse generator... Peed its outp^uf simuitaneously into both the 
^E and. E time pick^off unit inputs. Set the deldy shown in 
Figure 2 a,t 5 nanoseconds and determine the position of the 
peak in the multichannel aMlyzer, (MCA). Repeat for the other 
values of delay shown in Table I and fill in the peak channel 
positions for each delay. After this measurement has been 
completed, set the delay back to zero. 



Table 1 



Delay Versus Pulse Height Data 



Delay n sec. 


Peak Channel Position 


5 

it - 




10 




15 




20 




25 




30 1 





2, Place the and E detectors about 2 cm a^art (1.65 cm was. 
^ used in the data that will be .shown) . Pump the system down 
and apply the recominended bias voltage for each detector. 
Accumulate a spectrum for a time period long enough to get 
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Figure 2 

Electronics for alpha particle time-of-f light experiment, 
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3i .Change the flight path batween the two detectors to 10 ^ and 
collect a ^ectrAafe in the MCA. Repeat for 15, 20, and 25 am. 
figure 3 shwa A tfompoeite spectra that were taken for our 
example « ^ 

6 11*2 



nsec nsec 




CHANNIL NO, 



Figure 3 

Time-to^pulsa--height converter^ output pulses for 
alpha particle time-of-f light experiment* 



4, Return the flight path to 2 cm and collect a spectrum in the 
MCA from the eum amplifier. Since alpha ^paf tides lose part 
of their energy in the tE detector and the rest in the.E 
detector, the sum of these two detectors should show the 
entire alpha particle spectrum. Figure 4 shows a typical 
sum spectrum for ^^^Pa figure 5 shows just the E' spectrum; 
This is obtained by disconnecting the input. 
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Figure 4 

Sum spectrum (E + AE) for ^sip^ ^ 



Data Reduction 

In this experiment the time of flight of the highest energy 
group m "^^Pa is being measured. ^ The other groups were biased 
out with a threshold discriminator on the time pick-off control. 
These 7* 36, MeV alphas leave the m detector with an energy of 
^3.15 MeV. An alpha of this energy has ^ reciprocal velocity 
of 75 nsec/meter. A flight path of 10 cm would give a time 
difference of 7,5 nsec which is quite easy to measure with " 
.the TPHC, ^ V 



Exercise (a) 

From the data collected in Table I plot a delay versus pulse 
height curve. This plot should be a straight line. The slope of 
the line in nsec/channel gives us a measure of our time reso=- 
lution. Determine the slooa frnm vrm-r r^^^-a ^*^^^a^u*^ i4^^ 
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Figure 5 

Pulse height spectruiTi from the (E) detector, 



Thu time resolution of a peak is determined by multiplyinq 
the slope of the calibratioi^. curve times the FWHM of the peak 
Dotermme the time resolution for the peaks in Table I ^ " 
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Exercise (c) 

The first alpha time-of-f light path length was 2 cm, the 
second was made for 10 cm. The path difference (Ad) between the 
two runs was therefore 8 cm* Determine the difference in the 
. channel position of the peak for these two runs. Call this 
number AC, Obtain the corresponding At by the following^ 

1) At ^ (AC) (slope of the calibration curve) 

Determine the reciprocal velocity of the alpha group as follows- 
^ 2) 1/v ^ At/Ad 

The acG€2pLf3d value for the group was 75 nsec/m. Determine 
this value for the other path length differences used in the ' 
experiment. From all of the data" taken, calculate an average 
reciprocal velocity, 

/ 

Post-Test 

3.1 Derive an expression for the flight time of an alpha particle 
m nsec in terms of its kinetic energy and distance of travel • 

Computer Programs ■ 

, _ GAUSS 6 can be used to find the centroids for the time 
calibration of the multichannel, LINEAR 6 can be> used to fit 
the time calibration data and accurately establish the slope of 
the curve which is very important for this experiment, 

Addi tional Refere nces 

1. J. W, T, Dabbs and F, J, Walter^ "Semiconductor Nuclear Particle 
Detectors," National Academy of Sciences^National Research 
Council Publication 871, Washington, D, C, , 1961, 

2. Hans rUchsel, Phys , Rev, 112, 1089, 1958, 

3. Ward Whaling, Handbuch der Physik , 34, 193^217, edited by 
J, Flugqe (Springer^verlag, Berlin: 1958). 

4. J. B. Marion, 1960 Nuclear Data Tabl es^, Part 3, Nuclear Reaction 
(araphs. Superintendent of 'Documents , U. S, Government Printing 
Qttice, Washington, D. c, 

5. R. L. Chase, Nucloar Pulse SpGctrome try , McGraw--Hil 1 , 173, 1961. 
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1. J. H. Neiler and W. M, Good, Fast ^utron Physics , J. Marion 
and J, Fowler, editors, Interscience , I9 60. 

8, Bonitz, Nuclear instr. and Methods, 22, 238, 1963. 
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ANSWERS TO QUESTIONS AND PROBLEMS 
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Pre-Tast AnawGr.5 



1*1 The force is given by the tamiliar coulomb's law for point 
charges/ 

1 V. 



Tff 



l: 0 



where and ^^are the electronic charges, r , is the distance 
separating the two electrons and e Is the permittivity of free 
space and has the value . ' ' 



- 8. 854 X 10"^^^' coul2/n^m^ 



F ~= 



(1.6 X iQ-i 9 coul) 2 



4n (8: 854 >^ la^i^coulVn-^m^)^ ' "cO.OSm)^ 

- 9,2 ^ 10^-'^ n ^ ^ 

1,2 The nuclear coulomb barrier height is defined as the point 
' where the coulomb barrier reaches a maximum value* This 
occurs at the nuclear surface of the atom of copper. The 
maximum height of the barrier is given by 

^ ^ (Ze) (ze) 



R 

where Ze is the nuclear charge of the copper atom, ze is the 
^ incident proton charge^, and R is the nuclear radius of copper 

1 / . . ' 

R ^ 1.2 ^ A ^ ^ f ermis 

- 1, 2 X (65) 

^ 4.82 f ermis ' . 

Multiplying both the numerator and denominator by Planck's 
constant divided by 2n and speed of liqht, (hc)/o:ie gets 

_ Z z e ^ -ft c 
R €c 
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substituting 

^ - the fine structure constant, a ^ 



and 



^ 197,32 - f 



ermis 



( 29 ) ( 1 ) 1 
^ " (4.82 fermls) 137 ^^197, 32 MeV - fermisO 

B ^ 8. 76 MeV 

2,1- An electron volt is the kinetic energy acquired by an. electron 
which IS subjected to a potential diffGrence of 1*0 volt, 

2.2 keV = 10 3 eV , 
MeV = 10^ eV ' 
GeV = 10^ eV 



Post-Test Answers 

1.1 Differont energy states of the same nucleus. An isomeric 
state differs from an ordinary excited state of a nucleus 
in that it .lasts for a measurable time, 

1.2 A curie is a rate of decay and is equal to 3,7 x 10^° dis- 
integrations per second. It was originally based on the 
rate of decay of a gram of radium, 

1*3 By the conservation of momentum, if an alpha particlG is 

emitted of mass M and velocity V, the residual atom of mass 
M2 will recoil with^a velocity V2, 

MV = 'M2y2 ' . 

is the total energy released and equals 

- ^M2(V2) 2 + J5MV2 

where ^MV- is the kinetic energy of the a particle, E , 
Eliminating V2 from the above equations and substituting 
E^^ for the a particle energy gives 
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To a very close approximation we can replace the ratio of 
the masses by the ratio of mass numbers 

M _ 4 
M2' A - 4 

and the disintegration energy can be written 

°a ^ A ^ 4 * 

1.4 Nuclei which have the same mass number. A, but different 
atomic numbers, 2, are called isobars. Isobars are commonly 
produced in beta decay, 

1.5 1 gm of radium produces 3,7 x iQiO alpha particles per second 
and has an activity of 1 curie by definition. 

5 mg ^ -g 

1000 mg 3,7 X IQio disintegrations per second 

^ 1-85 X 10 9 disintegrations per second 

If 1 gm of radium has an activity of 1 curie, 5 mg would 
have an activity of 5 millicuries. 

1.6 A 3 mCi source has an activity of 3 ^ 10^^ x (3.7 x 10*^^) 
or 11,1 X- 10^ disintegrations per second. The number of 
atoms of a radioactive isotope, dN, that will decay in a 
small interval of time, dt, is equal to the number of atoms 
present times the decay constant of the material: 

' ' ^dN ^ AN dt . 

Rewriting, 

1 dN ' 

^ ^ X dt 

where dN/dt is the activity of the sample and is equal to ^ 

ClN _ , , 1^7^-^ 

- 11,1 10^ disintegrations per second 

Now 

1 
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N 



= f l38.4 days l f86,400 seconds 



0.693 

^ 1*92 X 10^^ atoms 



days 



11^1 X. 10^ disintegrations ' 
sec J 



The number of gm of ^lOpp determinea from the following 

expressions 

m(gm) ^ N ^ 
A 

where A is the atomic weight of 2 1 OpQ ig Avogadro ' s 

number* 

m - (1.92 X- 10 atoms) 



(210 



gm 



at wt ' 



(6,024 X 10 



2 3 



atoms 



= 6,69 X 10^8 gm 

or 

m - 0 * 06 7 pg 
2*1 E,, = 661, 6 keV - K 



ab 

661. 6 keV 37*4' keV 
624*2 keV 



gm at wt 



) 



^ 661*6 keV - L , 
L ab 

^ 661. 6 keV -5.6 keV 

^ 6 5 6.0 key 



2.2 E, ^ 1062 keV - K 



ab 

1062 keV " 115, 6 keV 
= 946 keV 



3.1 The kinetic energy of an alpha particle is given by; 
Rewriting, one obtains 
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or 



d 
t 



m 



Multiplying both numerator and denominator by the speed of 
light, c. 



t = — /E £ 



2 c 



1 

c 



mc2 is the rest mass energy of an alpha particle and is egual^ 
to 3 72 5 MeV, 



t = - 



"7775 1 
, 2 0 . 3 m/ n s e c 



144 X d 
/E 



where t is in nsec, d is in m, and E is in Mev. 



137 



' MODULE THREE 

NEUTRON ACTIVATION ANALYSIS 

A Module on Neutron Activation Analysis 
' Using Fast and Slow Neutron Sources 



INTRODUCTION 

Neutron activation analysis was begun in the late 1930 's. 
Since then it has become a very powerful technique for both 
qualitative and quantitative elemental identification. 

Basically, a sample is irradiated by neutrons and becomes 
radioactive. By measuring the beta*, gamma rays produced, and 
the half lives of the components of the sample, the elemental 
composition and their concentrations may be determined. 

Neutron activation is normally produced by means of natural 
radioactive sources, research reactors or neutron generators. 

\ 

It is about 10 times more sensitive than other techniques 
of analysis such as mass spectroscopy and is comparable in 
sensitivity to X-ray fluorescence for some elements. For this 
reason, activation analysis is used extensively in such fields 
as geology, medicine, chemistry, metallurgy, and the petroleum 
industry*^ - . 

This module consists of three experiments which-may be per- 
formed by the student. The first experiment explores the use 
of thermal neutrons from radioactive sources for activation 
analysis. The second experiment investigates the use of fast 
neutron fluxes from an accelerator or radioactive sources. 
Identification of an unknown by neutron activation techniques 
is the subject of the third experiment. 

Following this introduction are the objectives for the module, 
a list of prerequisites which the student should have before attempt- 
ing this module, and a theoretical section which discusses some of 
the basic concepts of radioactive decay. 



OBJECTIVES 

To familiarize the student with the techniques used in neutron 
activation analysis; to measure the flux from fast and slow neutron 
sources; and to determine the qualitative and quantitative aspects 
of an unknown sample by neutron activation analysis.. ' 
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PREREQUISITES WITH PRE-TEST QUESTIONS AND PROBLEMS 



1. Characteristics of Electroinagnetic Radiation i 

a) Relationship between wavelength^ frequenGy^ and velocity* 

b) Relationship between energy and frequency of radiation; 
Planck's constant* 

1.1 If the emission spectrum of, Nal has a maximum at 4100 angstroms 
what frequency does this correspond to? ; 

1.2 What is the eriergy of the radiation in electron volts corres- 
ponding to this maximum in the emission spectrum? 

2, Electron Volt (eV) ^ keV, MeV^ ' 

2.1 How is the electron volt defined? 

2.2 How is the eV related to the kev, MeV, GeV? 



3, Interaction df Electromagnetic Radiation with Matters 

a) Photoelectric effect 

b) Compton effect 

c) Pair-production process 

3.1 What is the maximum k'inetlc energy of an electron ejected 
from the surface of a me^al if the work required to free 
the electron from |he surface is 6 ev and ultraviolet light 
of wavelength 150 A is used to illuminate the surface? 

3.2 Would the 1013 keV gamma ray from ^ ^Al have a very large 
probability of interacting in a Nal detector by means of 
the a) pair-'production process?, b) photoelectric effect?, 
or c) Compton effect? 



THEORY 

Gamma-Ray Scintillation Detector 

Gamma radiation is detected in the scintillation phosphor by 
means of three processes^ the photoelectric effect, the Compton 
effect, and electron-positron pair production. The scintillation 
phosphor converts ^the energy deposited in the detector by the 
incident ionizing radiation into light emission. The emitted 
liaht is allowed to 
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The most desirable characteristics of a luminescent material 
are 1) a higher density for greater absorption of gamma rays, 
2) mcroased pulse height for detection of low ei'nergy interac- 
tions, and 3 J short decay times for fast counting and fast timing 
applications. Nal is 'the most commonly used inorganic scintilla- 
tion phosphor primarily because of its large light output per unit 
energy deposited. Because of its extensive use, calculated effi- 
ciencies of Nal crystals are readily available (see fof example, 

Calculated Efficiencies of Nal Crystals" ^ E. A. Wol^cki, 
R. Jastrow, and F. Brooks, NRL Report 4833). 

Rate of Radioactive Decay 

The rate of decay of a radioactive isotope is a constant for 
a particular material. The number of atoms, dN, which will decay 
in a time interval, dt, is equal to the number of atoms, N, present 
at the time, t, times the decay constant for the material, 

^dN ^ ANdt 

^Integrating, one obtains 

where Nq is the number of atoms present at time t ^ 0, The number 
of atoms present at any given time decreases exponentially if no 
new atoms are produced. 

At the end of a certain time interval, called the half-life 
of _ the radioactive element, half of the atoms will have decayed. 
This time interval may be determined by setting N ^ Nq/2 and 
" - t^^ with the result 

Atj^ ^ £n 2 



t ^ 



. 693 



The mean lifetime of the radioactive isotope is defined as 



t, 



t ^ 



1 



"m £n 2 T 
and is just the reciprocal of the decay constant. 

Activi ty o f a Radioactxve Source 
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of a gram of radium. More convenient submultiples of the curie 
are the millicurie (1 mCi = 10~3 curie) and the' microcurie 
(1 yCi = 10~6 curie) . 



) 

} 

1 
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EKperiment 1 \^ ) 

The Study df Thermal Neutrons by Activation Techniques 

Objective / 

^ To accurately measure the thermal flux of neutrons from an 
isotopic neutron source or ^5 2cf source; to study the parameters 
associated with the buildup and decay of radioactivity; to measure 
the thermal neutron cross section of an isotope. 

References 



1. K. Curtiss, Introduction to Neutron Physi cs, D. Van Nostrand 

Co.^ Inc., New York, 19 59. ~ 

2* S. Lyon, A Guide to Activation Analysi s, D. Van Nostrand Co., 
Inc., New York, 1964, ^ ~ ^ - r 

3. J. M. A. LeniJi§d and S, j. Thomson, editors, Activati^ Analys is^ 
Principles and Applications , Academic Press, 1965* ^ 

4, C. M. Lederer, J. M. Hollander, and I, Perlman, Table ofCThe 
Isotopes , 6th edition, Wiley, New York, 1967, ^ ' 

Introduction 

In this experiment we are going to study a subject which very 
broadly fits the name activation analysis. If a sample is intro-' 
duced into a region where there is a thermal neutron flux (n/cm^^sec) 
the sample could absorb neutrons and become radioactive. The most 
pronounced absorption process for thermal neutrons is the so-called 
(n,Y) reaction. Essentially what happens to an atom Ai is the 
following: it absorbs a thermal neutron and then finds itself 
quite unstable. The resultant radioactive nucleus promptly emits 
a gamma and is still radioactive. From a nuclear equation notation 
the following happens: 

A|+n-^Ai^*-^Ai*+Y (1) 

When we remove our sample from the neutron flux^. the radioactive 
atoms in the sample are of the type A^^ , For most radioactive 
atoms produced by this method, the most probable mode of decay is 
by beta emission promptly followed by gamma emission. Hence" 
measurements made on A^* can either be made with a GM counter 
for the betas, or a gan™a scintillation counter. In this experi-- 
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The yield from an activation is 



(2; 



where 



A„ = 



a = 

m = 

Z = 

« = 

a = 

w = 

S = 



whe^re 



initial disintegrations/second of the whole element in 
the sample when the irradiation stops, i.e., at T = 0. 

isotopic cross section for the reaction (cmZ) . 

mass of th e target eleme nt (gms) . 

Avogadro'^B number = 6.02 10 2 3 molecules/mole. 

neutron flux (neuts/cm^-sec) . 

fraction of target isotope in the target element, 
atomic weight, and 



saturation factor 



(1 - e 



-At, 



decay constant » 0.693/T, and T, is the half life of 
the isotope - ^ 



t - time of irradiation, same units as T, . 

H 

The activation relation requires that Ap , the initial disintegra- 
tion rate of the activated sample, be obtained. The sample activity 
IS decaying during the period of measurement, and hence Aq must 
generally be computed from the measurements. Moreover, a waiting 
period IS frequently necessary bc5cause of the presence of unwanted, 
short-lived activity. If a sample is 'irradiated and then carried 
to a detector, some of the activity was lost in this process. Let's 
call T = 0 the time that we terminate the irradiation, Ti the 
transfer time, and Tj the counting period plus Tj. T, is the 
counting time period plus Ti since it really is the total clock 
time after T = 0. Therefore, Ta = Tj- and counting time (same units 
of time) . Then the number of disintegrations during the counting 
period is given by: 



N 



No (e 



-AT 



- e=^T2) 



(3) 



where N, 



is the initial number of radioactive atoms at T = 0. 



T 1 
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t ■ - . 

where " f ' ' 

e is the measured peak ef ficiehcy of. the detector zind 

Is yie fraction of gammas par decay* Values of Fy can be 
obtained from Re^ference 4, . " 

Now all of the quantities in Eqs (3) and (4) are known except Nq, 
Henca^ Ng / tha initial number of radioactive atoms is given by: 

^0 " Ify, -ATi =XT. ^5), 

but 

" " • Ao - XNo (6) 

therefore, Aq ^ the initial number of disintegrations per second 
is experimentally detarmined and can be plugged back into Eq (2) 
as a known quantity, ' 

Therefore/ if '^we take a known sample and irradiate it for 
given length of time and count for a known time^ we can experi^ 
mentally determine $^ tha neutron flux associated with the source 
and irradiating facility. 

Equipment ^ - 

1* Slow Nftutron Source and Irradiator Facility 
2. Nal Detector and Photomultiplier Ttibe ^ \ 
3* High Voltage Power Supply 

4. Pre-amplif ier 

5. Spectroscopy Ampiifiar . 

6. ^ Multichannal Analyzer (^^200 il^annels) 

1. Alujninum and vanadium Samples to be "irradiated {-b0*2 gms each 
depending on flux) ^ 

8. Calibration Sources as follows: 3 uCi ^^Xs, 5 yCi . '^Cr; 5 iiCi '-Co 
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Procedure 



Set up the electronics a« shown in Pigure 1. Adjust the high 
voltage to the value reconmehded by t^e manufacturer. Set 
the gain of the amplifier so that the calibration range will 
allow you to measure 2 MeV full scale. Make an energy versus 
channel number calibration with ^°Co , ^^^Cs, and ^iCr . 



Source 



Nal De 

c 


1 

taotor 

1 














HV Power 




* 


Supply 






Multi- 
channel 

Analyzer 



Pigure 1 

Electronics for Ganmia Scintillation Spectrometry 

Place an aluminum sample in the irradiator and irradiate it 
for 5 minutes. Terminate the activation and place the sample 
in the counting position. Wait an additional 1 minute from ter- 
mination and then count for 2 minutes. From our definitions 
in the introduction: 

t - 5 minutes 

Ti « 1 minute 

T2 - 3 minutes 

Figure 2 shows a typical spectrum that was collected under 
conditions similar to those just outlined. The cross section 
for the 27^1 (n,Y) 2 B^i reaction is 0.210 barns. 

Activate the sample of vanadium and count it, using the following 
parameters: t = 5 minutes, Tj = 1 minute, = 6 minutes. Read- 
out the multichannel anajyzer. Note the counting time with the 
multichannel analyzer is 5 miriutes since - + counting time 
ftR^" 3 -f hows a vanadium spectrum. The cross. .sect Ion of the 
*^V{n,Y)52v reaction is 5.0 barns. 
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4. 



The instructor will iupply you with a knovm mass- of one .of the 
to m Table I. The object of this experiment if 

to find the thermal neutron cross-section for the aample 
Cheek Table i and see if your calibration range is such that ' 
the sample can be counted (most of the samples in the table 
fall in this categpry). With the proper calibration range, 
activate the sample for approximately one of its half lives, 
wait one minute and store a spectrum for a long enough period 
of time to get reasonable statistics under the phifcopeak. 
Readout the multichannel. • «' V r 



Table 1 

IDENTiriCATION OP UNKNOWN ELEMENTS IDENTIFIED AT 
2.5 X 10'+ PLUX BY GAMMA fiNERGY AND HALF LIFE 



Elainent 


Target 


, Target 


Prbduct 




Ey, HbV 


A « U W Je ^ wt c 




Nuciiae 




> 

Aliuninum 


2 7a1 


Al, AI2O3 


Z^Al 


2,30 m 


1,78 


Sodium 


2 3Na 


NaaCOa 


2'+Na 


15.0 h 


2.75, 1,37 


Vanadium 


Sly 


NHitVOa 


S2y 


. 3.77 m 


1.43 


Manganesa 


sSMn 


Mn02 


5 6Mn 


2,58 h 


0,845, 1.81, a 


Cobalt 


5 9Co 


Coo 




10. 5 m 


0.059 %l 


Copper 




CuO 




12.9 h 


0.511 Y± 


Gallimn 


7iGa 


Ga203 


72Ga 


14.3 h 


0.63, 0.83 


Gerinanium 




Ge 


7 5Ge 


82 m 


0.26, 0.20^. 


Arsenic 




AS2O3 


^6As 


26.5 h 


0.56, 0.65, 1 


Bromine 




NHi+Br 


80Br 


18 m 


0.62, 0,51 y± 


Indium 


1 iSin 


In 


1 1 emin 


54 m 


0,40, 1.09 


m 










1.27, 2.08 


Tellurium 


1 3 O^g 


Te 




2t . m 


0.15, 0.45 


Iodine 


1 2 7 J 


NHi,I 


1 2 8 J 


25 m 


0.46 


Lanthaniun 


139La 




I'^OLa 


40.2 h 


0.48, J,. 59 


Tungsten 


1 86^ 


WO, 




24 h 


0.4 80, 0.686, 

0.134 


Gold 




Au-Dowex--l 


19 8Au 


64.8 h 


0.411 
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bkta Reductioh 

4 

Exercise (a) ■ ^ ^ 

, From the multichannel readout in Procedure l, determine the 
energy of the ^^Al ganma. » Does it ag;cee with the value in Table I? 
Determine (E^S) for the phbtopeak and use thV formulation in the . 
introduction to determine Ao'r^ and 0, Remen^err in Eg (2) 

Aq i^ in disintegrations per second. 

i * ' ^ 

EKercise (b) 

Repeat Exercise (a) for the vanadium monitor. Calculate (p 
and all the other parameters found in (a). Calculate the average 
flux value from the aluminum and vanadium data. 



Exercise (c) 

For Procedure 4 the instructor has provided you with all of 
the information that you need in regard to the sample. The unknown 
to be calculated is the thermal neutron cross section. Use the 
average flux value calculated in (b) . Calculate a, the thermal 
cross section for this sample. 



Post-Test 

1.1 Determine the fraction of the original radioactive atoms that 
decayed during a 4% minute counting period for an isotope 
which has a half-life of 1,63 minutes, if a 30 second 

tran time was required. 

1.2 If th. number that decayed in Problem 1,1 was 8.2 x 10^^^ 
how many radioactive atoms were there initially and what was 
the initial number of disintegrations per second? 

Computer Programs 

GAUSS-6 can be used to find the centroids of all of' the peaks. 
LINEAR^e will provide a linear least squares fit to the calibra- 
tion data* GAUSSES can be used to find the thermal neutron flux 
in Exercises (a) and (b) , 



Additional Rcf erences 



1- G. I. Gleason, isotopic Neutron Source EKperiments , ORAU Report 
No. 102^ available fx^oin the Oak Ridge Associated Universities, 
F. 0. Box 117, Oak Ridge, TN 37830 (free). 



EKLC 



^ H. D. Raleigh^ compiler. Activation Analysis — A Literature 
search TID.3537 (August, iyfaj) , availabirfrom the Cl^glL - 
house for Federal Scientific and Teqhnical mformation, 
Springfield, Virginia. ' - «-i.wn, 

rf;,-'^' '^'.'jBpwen and D. Gibbons , ^ Radloactivation Analyel s . OxfoiSd 
University Press, London, 1963.~^ — ^ - uxioro 

Acti vat^n Analy sis. D. Van - 
Nostrand Co., Inc., Princeton, New Jersey, 1964. " 

Texas A & M University, Proceedings of the First I nternational 
Conference on Modern TreSd i in Activation Analy ^. J l^Ff^ 
university, college Station, Texas, 1961. ^ « «i n 

Texas A & M Universi.ty, Proceedings of the Second Interna tional 
Conference on Modern ' Tre nds in Activation Analysis . T^,e.. a " M 
University, College Station, Te xas, 1965. asm 

V. P. Guinn, "Activation Analysis," Encyclopedia of indu strial 
Chemical Analysis, 'Vol. 1, John Wile y & Soni, New York, 1966. 

V. P. Guinn and H. R. Lukens, "Nuclear Methods," Trace A nalysis- 
g^yf^^gl ^^thods, edited by G. H. Morrison (Inter science ^ 
Publishers, New York: 1965). 
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, " Experiment 2 

The Study of Fast Neutron Activation Tachnlguas " , 

i_ * 

Objective , _ 

To accurately mea^ra the fast neutron flux from an acceler- 
ator or an umnoderated iso topic neutron source of ^^^Cf ; to study 
the parameters associated with the buildup and decay of radioactivity; 
to measure the fast neutron cross section of .a known isotope. 

References - ' 

1* R, C, Koch^ Activation Analysis Handbook, AcSdemic Press t New 
- York, 1960, -) ~ ^ ^ 

o ^ ' ' ' ^ 

2. K. S* Vorres, "Neutron Activation EKperiments in Radiochemistry , " 

J. Chem. Educ. 37,, 391 (August 1960) . 

3, W, S* Lyon, editor, Guide to Activation Analysis , D. Van Nostrand 
Co*, Inc, New York, 1964, ^ r— 

4* Denis Taylor, Neutron Irradiation and Activation Analysis , D, Van 
Nostrand Co., Inc., New York, 1964. ~ ~ 

5* C, M* Lederer, J. M, Hollander, and I* Perlman, Table of Isotopes , 
6th edition, Wiley, New York, 1967. ~ 

6* Chart of the Nuclides , General Electric Co,, modified by Battelle 
Northwest, Richland, Washington; available from Superintendent 
of Documents, GPO, Washington, D. C* 

7, G* I, Gleason, Isotopic Neutron Source Experiments , ORAU^102 
(March 1967), available f rom~ OaTk Ridge Associated Universities, 

0. Box 117, Oak Ridge, TN 37830* 

8, Sam S, Nargolwalla and Edwin Pr gybylowicz , Activation Analysis 
with Neutron Generators , John Wiley and Sons, New York, N. Y. " ~ 
1973. ^^7^ 



Introduction 

The equations developed in Experiment 1 are equally applicable 
to problems in fast neutron activation analysis; and, hence, we 
will assume that the student has read Experiment 1 before starting 
this one. 

There are three common sources of fast neutrons (in our case, 
fast means energies grcatGr than 1 MeV) that are available to 
colleges and universities. These are: low voltage accelerators, 
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The low v6?Ltage accelerator in this application can generate 
•neutrons by two reactions; these are- 



* -4* 

and > 



' T,+ d n + '♦He ((^ = 17.6 MeV) ' (1) 
D + d n + 3He tQjj^ =3.2 MeV) (2) 



The first reaction-, which is the one most used by accelerator groups, 
generates 14 MeV neutrons. A deuterium beam of approximately 1 
milliamp is allowed to strike a Zircbnium Tritide target at an 
incident energy of 150 keV. The results can give neutron yields 
.as high as Ik iqIO n/s total yield. The flux at the irradiating 
position for this yield would be '\-l x IQS n/cmZ-sec which is the 
quantity that we will measure. In Equation (2) Experiment 1, this 
quantity is called ^, the flux in n/cm2-sec. 

The second source of fast neutrons is the ieo.topic neutron 
source. This is the type that many colleges and universities use. 
Basically, the source is composed of an alpha emitting isotope 
which is mixed with beryllium and fabricated in a stainless steel 
cylinder: The most common jof these sources are the so-called 
Pu-Be or Ra-Be= typss. The neutrons 'are produced by the following 
reaction: ' 

^Be + a n + ^ 5, 704 MeV) (3) 



The flux of neutrons produced by one of these sources is shown in 
Figure 1, A one curie ^source will generally produce about 1.5 ^ 10^ 
n/sec. Note, in Figure 1 there is a distribution of energies and 
not just a single energy. The average energy for a Pu-Be source is 
about 5 MeV; and, henoe , if we use an unmoderated source of this type 
in the experiment, the average cross section measured will be for 
5 MeV neutrons* 



Another source of neutrons that has recently become available 
to colleges and universities is ^^^Cf . 252Qf ^ spontaneously 
fissioning nucleus and^ hence, the spectrum that would be observed 
is a typical fission spectrum. Figure 2 shows this spectrum for an 
unshielded '^^^Cf source. A 1 gram source will produce 2.34 x 10^2 
n/s in the distribution as shown in Figure 2. The sources that are 
being given to universities are usually a few micrograms and their 
yield would be %5 < 10^ n/sec which is roughly equivalent to a 3 Ci 
Pu^-Be source. 



Energy ^ (MeV) 



Figure 1 

Flux of fast neutrons produced by 
Pu-Be isotopic neutron source. 




Figure 2 

Spectrum of fast neutrons from an 
unshielded ^^-C£ source. 
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Equipment , ' = . v . 

1, Fast Neutron Source and Irradiation Facility 

2, NaT Detectpr and .photomultiplier Tube 

3, High Voltage Power Supply 

4, Pre-^amplif ier 

5* Spectroscopy Amplifier 

6, Multichannel Analyzer (^^200 channels) 

7. 0*5 qm Samples of Phosphorus and Chromium 
^8, Unknown Cross Section Sample 

9, Calibration Sources ^^Co, ^ ^ "^Cs ^ and "^iCr. 



Procedure 

1* Set up the ulectronics as shown in Figure 3, Calibrate the 
scintillation spectrometer for a full scale range of 2 MeV. 



fruiMttd Samplv 



3" if 3" Nrfl (Tl) 



I 




MuMiChinnfll 
Antly/if 



HV Fowfr Supply 



Figure 3 

Electronics for neutron activation analysis 



Place the Phosphorus sample in the position to be irradiated and 
activate it for 3 minutes. Wait for 1 minute and count for 4 
minutes. Therefore, in Eg (3) Experiment 1, t = 3 minutes, 

- 1 minute, and T2 - T] + 4 = 5 minutes. After the spectrum 
has been accumulated, readout the multichannel and clear. 
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^^3* Repeat Procedure (2) for the chromimn sanpla with the following 
jajMieterei t - 4 minutes, Ti ^ 1 minute, T2 - 5 minutes. 

ir the spectrmn has bean accumulated, readout the multichannel 
clear.^ 

4* ^il^in the unknovm sample from the instructor dedlde on the 
i%-radiation and counting parameters, Irradiata the sainple and 
'^store a spectrum of tha resulting activity. 

Data feeduction 
Exercise (a) 

The phosphorus reaction for the activation process is given by 
.. . 3 + n p + 3 igi 

The cross section for the reaction is 100 mb , The resultant 
ganuna ray from 3^Sl has an energy of 1.266 MeV, Determine the energy 
experimentally from the calibration curve. From the multichannel 
output determine (E-g) for the photopeak and solve Eq (2) through 
Eq (5) in Experiment 1 for the value of 0. 

Exercise (b) 

The chromium reaction for the activation process is given by 

S2cr + n ^ p + 52y 



The cross section for the reaction is 80 mb. The resultant gamma 
ray from 5 2y j^^s an energy of 1,44 MeV, From the calibration 
curve, find the experimentally determined energy for this gamma, 
.From the multichannel output determine (r-g) for the photopeak and 
solve Eqs (2) through (5) Experiment 1 to obtain another value for 



Exercise (c) 



The instructor will provide you with all of the information 
about the unknown except the fast neutron cross section. From the 
readout find (i-g) for your unknown and solve Eqs (2) through (5) 
for Of the cross section for the reaction. Note, use the average 
value for ^, the flux found in exercises (a) and (b) , Table I ^ 
gives some useful reactions that can be studied in this exercise, a 
The cross sections in this table are for 14 MeV neutrons. The 
gamma energies from the final radioactive nucleus can be found 
in Ref, 5. 



154 



Table 1 

14 MeV Neutron Activation Crois Sections 



Element 


Reaction 


Average cross 
section (o) , 
in mb 


Half- 


life 


Radiations 
emitted 


L'L u ^ i t s s ^ 1 1 


2^Ma(niP) ^**Na 


1.1 




U 


hr 




Y 




A.i iirniniun 


^7 Al(n,a) 2^Na 


0.57 




u 


hr 




T 




Ti 3n 1 nfn 


^STi(n*p) ^6 So 


9.0 






day 




y 






^7Ti(n,p) So 


15 






day 




V 






'+8Ti{n,p) '♦esc 


0.25 


1. 


83 


day 




Y 




Manganese 


55Mn(n,2n) 5'*Mn 


0. 18 


314 




day 


EC , 


Y 




I Von 


S'+Pe(n,p) si+Mn 


65 


314 




day 


EC, 


Y 




Mi eke 1 


58Ni(n,p) seco 


90 


72. 


0 


day 


EC, 




Y 


Copper 


6 3cu{n,a) 60co 


0.42 


5. 


27 




6-, 


Y 




Zinc 


St ZnCnip) 6'+cu 


25 


12. 


82 


hr 


6-, 




Y 


Molybdenuin 


9ZMo(n,p) a^Nb 


6.0 ' 


10. 


1 


day 


EC, 


^ Y 




Sulfur 


32s{n,p) 32p 


65 


14. 


3 


day 


S- 






Phosphorus 


3 ip(n,p) 


100 


2. 


62 


sec 


6+, 


Y 




Chromium 


52cr(n,p) S2v 


80 


3. 


76 


min 


6-, 


Y 





Computer Programs 

GAUSS-6 can be used to find the centroids of all peaks. 
LINEAR-6 can be used to fit the calibration data. FLUX-6 can 
be used to solve Egs (2) through (5) and, hence, find the flux 
of the irradiating facility. 

Additional References 

1. w. E. Mott and J. Orange, "Precision Analysis with 14 MeV 
Neutrons," Anal. Ch em. 37, 1338-1341 (October 1965). 

2. 0* U. Anders and D. W. Briden, "A Rapid, Nondestructive Method 

^ ^ 4 ^ 4 A«=i^?f^-i e» Kimn 4- i^nn 1 vfl "t" 1 on - " Anal . 
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3* ^J* T, Gilmore and E, Hull^ "Neutron Flux Monitoring for 
Aoti^tion Analysis of Oxygen^" Anal, Cham, 35 ^ 1623 (1963). 

4. A. Volborth and H. A. Vincent, "Determination of Oxygen in USGS 
Rock Standards by Past^Nautron Activation," Nucl ^ Phy s ^ 3 , 
701-^707 (Novembar 1967). 

5. A. Volborth, "Precise and Accurate Oxygen Determination by 
Fast-Neutron Activation," Fortschr. Miner. 43 , 1, 10*21. 

6. F. A* Iddinge, "A Study of Flux Monitoring for Instrumental 
Neutron Activation Analysis," Anal, Chem. Acta 31,*^ 206*212. 
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Exporiment 3 

Idenfecf icatlgh-of ^,an Unknown by Neutron Activation Analysis 

Objective , ^ 

To determine the /qualitative and quantitative aspects of an 
unknown sainple by slow neutron activation analysis. This includes 
an identification of the elements present in the sample by resi^ 
dual gamna-ray activity and half-life and comparison with standards 
to determine the amount of that element which is present. 

i 

References . 

1. L. K. Cuiftiss, Introduction to Neutron Physics , D. Van Nostrand 
Co., Inc., New York ,1959. 

21 W. I. Lyon, A Guide to Activation Analysis , D. Van Nostrand Co., 
*lnc, , New York, 1964, ^ ^ ~ 

3. J, M. A. Lenihan and.S. J. Thomson, editors, Activation Analysis- 
Principles and Applications , Academic Press, 1965. 

4. C. M. Lederer, J. M. Hollander, and I, Perlman, Table of the 
Isotopes , 6th edition, Wiley, New York, 1967. ~ 

5. Radiological Health Handbook , U. S, Department of Health, 
Education, and Welfare, PHS Publication , 2016 , Washington, D. C. 

6. C, E. Crouthamel, editor. Applied Gamma Ray Spectrometry , Pergamoi 
Press, New York, 1960. In Appendix IV of the book> gamma-ray 
sources are listed in terms of increasing energy. 

_ * 
Introduction 

In this experiment we are going to assume that the student has 
already performed Experiment 1, The Study of Thermal Neutrons by 
Activation Techniques . It will also' be7 assumed^hat i the TIum 
of thermal neutrons (n/cm^-sec) has been determined. 

Identifications of an unknown by activation analysis is accom* 
plished in the following manner. The sample is first irradiated 
for a short (10 min) period of time* It is then counted to deter- 
mine if that short irradiation produced any measurable activity. 
I^ the answer is yes, then some estimate is quickly made in regard 
td the half-life of the isotope that is produced. For example, 
let's assume that the half-life of the activity was 10 minutes. 
Then" if we made a one-minute count every 2 minutes, we would be 
able to , see the photopeak dying away as a function of time. With 



isotope which was produced. The othei^ finger print that is used 
is the measured gamma energy. By first calibrating the spectro- 
metBf, we can rather accurately determine the gamma energy of the 
resultant radionuclide. There are rather exhaustive tabulations 
of isotopes listed in accordance td increasing gamma energy. 
Reference 6 at the beginning of this experiment is perhaps one 
of the best, in Appendix VI of this manual we have tabulated - 
the relative sensitivities of sixty isotopes relative to the 
^ ^Al (n^ Y) 2 8^1 reaction. In the tabulation we h^ve listed the 
half-life^ measured gapna energy^ and the relative sensitivity 
for thermal neutron activation. At the end of this tabulation 
. we havf ma^ up a convenient coded chart that indicates the 
sensitivities of the elements as they appear in the Periodic 
f Chart. 

It is^ therefore^ assumed that with the aid of these charts, 
> references, a set of carefully measured gamma spectra, and half- 
lives, the student will be able to find -.his unknown and standardize 
it in terms of the actual weight in the sample. This can be done 
even though the unknown may be complex in natiire. 

Equipment 

1. Source of Thermal Neutrons and Irradiation Facility 

2. 3" >^ 3" NaT Detector and Photomul tiplier 

3. High = Voltage Po jr Supply 

4. Scintillation Pr^e-amplif ier 

5. Spectroscopy Amplifier 

6. Multichannel Analyzer (%200 channels) 

7. Calibration Soui^cesi ^'^Co, ^^^Cb, ''^Cr 

8* Unknown Samples (several identical samples of each unknown) 
Procedure 

1- Set up the Electronics as shown in Figure 1. ^ Except in a few 
cases, a full scale calibration of 2.5 MeV for the" mul tichannel 
will be sufficient. Calibrate with-^'QCo, ^^'^Cb, and ^""^-^Cr so 
y that ^'^Co is about in the middle of the multichannel analyzer, 

2, Irradiate the first unknown for a period of 10 minutes, wait 1 
minute, and then count for a period of 5 minutes. The chancas 
are good that under these conditions you will at least see 
gammas from your sample, rDnpending upon the amoiinf of artivity 
that you pri.nluced, you may proceed to either ProcGdure 3 or 4, 
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0 
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Figure 1 

Electronics for neutron activation analysis experiment. 



3. Assume that thert^ is not much activity produced. If this is 
the case^ the only thing that you can do is irradiate longer 
and count longer. Try some combination of both. 



Assumes that 



there is plenty of activity produced. This means 
there is a lot of the element present that is beinc 
that the half-life is short. It could b6 some^ J 



that either 
studied/ or 

conibination of both* At this pointy try to establish the 
half-^lifG of the residual isotope. This can be done, for 
example / by taking counts in 5=minute intarvals. Figure 2, 
for example, shows four spectra that were collected for -'^Ti 
at S^minute intervals. 



From the? 
energies 
Tungs tic 
vity was 
found in 
may use 



calibration curve, you can also determine the gairana 
of the isotope. Figure 3 shows a spectrum of a 
acid sample. The reaction that produced this acti- 



(n , f ) ^ "^W. The decay scheme for ^ ^ ^^W can be 



1 H 6 ^ 

The Table of the Isotopes , References 4* Also, one 
Reference 6 or Appendix VI at the back of this manual 



to help identify an unknown. 



Assuming that you^get the right answer for your unknown the 
next pr-oblem comes in the quantitative assay* For the purpose 
of this discussion, let's assume that, the unknown was vanadium 
(see Figure 4)., The student then weights up a known monitor 
of vanadium. Irradiate it and count for reasonable statistics/ 
Repoat this exact measurement with the vanadium unknown. Remem- 
ber the laboratory instructor provided you with several identi- 
cal samples of the unknown. Be sure to compare:^ the standard 
to a vanadium unknown that has not already bti>@n irradiated. 



T ^ 0 Min 
320 KeV 



Sample 
Irradiated 30 Min 
Count 5 Min Intervals 

Flux 1.4 X 10^ n. ^ 

,^ ^cm^-sec 
3 ^ K 3" No I 



UJ 



o 
in 



3 
O 



T^SMin 
320 KeV 



THO Min 

320 KeV 




0,930 MeV 
0.3198 MeV 



T = 15 Min 
320 KeV 



CHANNEL NUMBER 

Figure 2 

Series of four pulse hc^ight spectra for -'-^Ti showinq 
the fall-^off in activity in time* 



V 



ERIC 



n 



134 

m 



X4 



Tungstic Acid 
Ifradiotsd 4.0 Hrs 

Fiux 1,4 X 10^ n/ 5 



480 
KeV 



686 
KeV 



618 
KeV 



552 
KeV 



m 

KeV 



CHANNEL NUMBER 

^ Figure 3 

Neutron activation spectrurii of 



Vanadium Oxide Monitor 
irradialid 300 Sec 
Count EMin 

Flyx 1.4X10^ n/ ?, 

'cm-- sec 




1434 KiV 



EL 



BER 



1434 
KiV 



iten. Figure 4 

Pulse height spectruiii pf activated vanadium 
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Data Reduction 
Exercise (a) 

From your calibration curve deteririiTie the gamma energies of 
the unknown. The half-life data, along with the gamma energies, 
should provide you with enough data to determine what isotope it 
is that you are jneasuring. 



Exercise (b) 

In your comparative data determine (l-Q^) for both the standard 
and the unknown, ^ If all irradiation parameters were identical, the 
ratios of photopeak sums is the same as the ratios of the\masses 
of the standard and the unknown. 



Exercise (c) 



/ 



The method ^used in Exercise (b) is called the relative method 
of comparison, ""it is also possible to determine the amount of an 
unknown isotope by the absolute method. 

From Experiment 1 



Eq (1) 



QUIZ $ aS 



In this equation we know, or can experimentally determine, every- 
thing except (m) , t>ie mass of the sample in grams. Experiment 1 



carefully outlines how this can be done, 
method . 



Determine (m) by this 



Compute IT Programs 

GAUSS - 6 can 
peaks* LINEAR - 6 
calibration dat^s^ 
flux in exercises 



be used to find the centroids of all of the 

will provide a linear least squares fit to the 

yGAUSS=6 can be used to find the thermal neutron 
fa) and (b) . 



Additional Ref ercsnces 

*i 

1* G, I, Gleason, Isotopic Neutron Source Experiments , ORAU Report 
No, 102, available from ^ the Oak Ridge Assoc'iated Universities, 
■P* O, Box 117, Oak Ridge, TN 37830 (free), 

2* H. Raleigh, compiler. Activation Analysis - — A Literature 

Search , TID-35 37 (August 19 6T)~; available from Clearinghouse 
for Federal Scientific and Technical Information, Springfield, 
Virginia. 
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3, H, J, M. Buwen and Gibbons, Radioactiva tion Analysis , 
Oxford University Press, London, 1963/ 

4, D. Taylor, Neutron Irradiat ion and Activation Analysis , D. 
Van Nostrand Co., Inc., New York, "1964, 

5, Texas A & M University, Proceedings of the First International 
Conference on Modern Trends in Activation Analysis , TexaTs A & M 
University, College Station, TaKas/l961. 



6. Texas A & M University, Procefedings of the Second International 
Conference on Modern Trends in "Activation AnalYsi s, Texas A & M 
University, college Station, Texas, 1965, . ? 



V. P, Guinn, ^'Activation Analysis,*' Encyclopedia of Industrial 
Chemical Analysis , vol. 1, John Wiley "& Sons, New ^^^prk ,' 1966 , 

V, P, Guinn and tf, R. Lukens, "Nuclear Methods,'' , Trace Analysis- 
Physical Methods , edited by G. H. Morrison, Interscience ~ 
Publishers, New York, 1965, 
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ANSWERS TO QUESTIONS AND PROBLEMS 

Pre-Test Answers 

1.1 A = 4100 A X 10-8 

^ 4100 K 10-e cm 

f = C/A 

^ 3 X 10 10 cm /sec 
4100 < lO'-S cm 

=(7.3 X 10 1"+ sec-l 
1.2 E = hf 

= (6.625 - 10" 2 7 erg - sec) ( 7.3 > 10 1'* sac" 1 
1 3 ^, 1 ev 



48.5 ■' 10-1 3 erg ^< — 

' 1. 



602 ,x 10- 1 2erg / 
= 30.3 X 10-1 ev ^ 

= 3 ev ^ 

/ 

2.1 An e-leutron volt is the energy acquired by an electron in 
passing through a potential difference of 1 volt. 

2.2 1 keV ^ 1000 eV 
1 MeV = 10 6 ev 

1 GeV = 10 5 ey 

3.1 A = 150 A 

= 15 0 :-: 10- 8 cm . 
f - c/.\ 

V 

= 3 '< 10-' cm/sec 
150 •: 10-3 cm 

= 2 X 10 If- sec-i 
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E ^ hf - W 
max 

= (6. 625 ^ 10^^^ erg sec) (2 ^ 10^^ sec^M 6 eV 
^ 13.25 X lO^'^^erg - 6 eV 
= 76. 7 eV 

3.2 a) No ^ because 1022 keV of energy is required to produce the 
e lectron^pos itron pair . 

b) Yes, with a Compton interaction approximately 20 tirnas 
more likely than a photoelectric interaction* 

Post-Test Answer^s 



1*1 The decay constant for this isotope ii 
In 2 



A - 



0.693 



9 3 sec 
^ 0.00745 sec 

The number of atoms which decayed is 

where Nq is the original number radioactive atoms ^ T^ is 
the transfer time and T2^ is the/ transfer time plus counting 
time. ^ 

--(0. 00745 sec-' 1) (30 sec) -(0. 0074_. ^ec-l)(300 sec 

= Np [e - e 

. .-^0. 224 ^-2.24. 
= Ng (e e ) 

^ Nq (0.6928) 



- 0.6928 



Ill 5 



1.2 = 8.2 X 1012 disintegrations 



d 

N 



^0 ~ 0.6526 

^ 8.2 X iQia 
0.692 8 

= 1.18 X 1012 atoms 

Aq = ANq 

= (0.00745 sec-1)(1.18 k IQiz disintegrations; 
= 8.8 X 10^ disintegrations/sec 



1 
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MODULE FOUR 



X'-RAY ATTENUATION 



A Module on the Attenuation of Low-Energy 
Photons Passing Through Matter 

(A Proportional Counter Experiment) 
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INTRODUCTION 

Photon attenuation is very important especially for low energy 

photons. For example, a 10 keV photon, has 100 times the probability 

of being absorbed as a 1000 keV photon. 

This experiment involves the nieasurement of the linear absorp-- 
tion coefficient for low energy X rays. Therefore, we will be 
determining the number of events that are observed under various 
experimental conditions. There are unique problems associated with 
X-'ray absorption measurements and this experiment will be concerned 
with the solutions of ^ these problems. Ideally, the experiment should 
be performed in vacuua; however, for 8 keV X rays passing through a 
few centimeters of air, the corrections are small and may be neg- 
lected. For X rays below 8 keV the corrections become increasingly 
more important and attenuation experiments perfonned in this region 
should be done in a special vacuum chamber* As an example, a 2 keV 
X^ray beam would be attenuated about 80% by a piece of ordinary 
paper* 

The X rays will be detected with a gas-filled proportional 
counter, it will be assumed that the student is already familiar 
with the use of proportional counters with X^ray sources. 



OBJECTIVES 

To Study the attenuation of low energy X rays when they pass 
through thin foils; to determine the. half value thickness for 
aluminum and nickel for the X rays from Zn-6 5, ^ 

PREREQUISITES WITH PKE-^TEST QUESTIONS AND PROBLEMS. 



Characteristics of Electromagnetic Radiation: 

a) Relationship between wavelength, frequency, and velocity. 

b) Relationship between energy and frequency of radiation/ 
Planck's constant* 

What is the uency of the K^^ X ray from Selenium which 



1.1 



ERIC 



168 



1.2 What is the wavelength of this X ray? 

2, Electron volt (eV) , keV, MeV: 

2.1 How is an^^ electron volt defined? 

2.2 How is the eV related to the multiples keV, MeV, GeV? 

3, Interaction of Electromagnetic Radiation with Matter: 

a) Photoelectric effect 

b) Compton effect 

c) Pai r production procea s / 

3.1 How is the m^iss attenucition coefficient related to the linear 
attenuation coefficient? 

3.2 Derive the general relativistic expressions for the maximum 
forward momentum of a photoelectron ejected by a photon of 
energy hf and the corresponding recoil momentum of the resi=- 
dual atom. Neglect the binding energy between the electron 
and the atom and the kinetic energy of the recoiling atom in 
comparison to the energy of the incident photon. 

THEORY 

At energies below 20 keV^ photons interact with matter pri^ 
marily by the photoelectric process, Compton and pair production 
cross sections are for the most part unimportant in this energy 
range. Let us aasujna that a thin piece of metal is placed between 
the X-ray source and the detector. ^ 

From Lambert's law (Reference 1) the decrease in intensity of 
the radiation as it p'asses through the foil is given by: 

I = I e^^'^ 
o 



intensity after the absorb.er 
intensity befoi^e the absorber 

total mass absorption coefficient (cm^/gm) » 
X density thicknesE in gm/cm^ 

,The density thickness is the product of density in gm/cm ■ times 



whercs : 



f 
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The half value layer (HVL) is defined as the thickness of the 
abBOrbi|ig foil which will reduce the original intensity to one- 
half of its initial value, 

if 1/1^ =0.5 

then ^ X ^ HVL 

therefore £n(0.5)= (HVL) 

and HVL ^ 0 . 693/m 

Experimentally the (HVL) is determined by inserting foils of variou! 
thicknesses between the source and the detector and observing the 
*fall off in intensity, A plot on a log scale of intensity versus 
absorber thickness Will give a straight line. The slope of the / 
line is -]A and the HVL can be determined from the above information, 

REFERENCES 

1, C. E, Crouthamel, Applied Gamma Ray Spectromet ry (Pergamon 
Press, N. Y., 196QTT — 

2, CD. Chase and J. L, Rabinowitz , Principles of Radioisotope 
Methodology , 3rd edition (Burgess Publishing Co'/~ Minhe'apolis , 
1967) , ■ . " 

3, B, L. Henke and R. L* Elgin, "X--Ray Absorption Tables for the 
2-to-200 Angstrom Region," Advances in X-Ray Analysis , B, L* 
Henke, Editor, Vol. 13 (Plenum Press, 1970)"* ~ 

4* H, A, Liebhafsky and H. G. Pfeiffer e^ al , , "X-Ray Absorption 
^and Emission,*' Analytical Chemistry , John Wiley, 

5. J. R. Rhodes, "Radioisotope X-Ray Spectrometry," The Journal of 
the Society of Analytical Chemistry , November 196 6, Vol. 91, 
No. 10 8 8". 



EQUIPI^NT 
Option A 

1. Gciii Filled Proportional Coanter for Low Energy X--Ray Measurement 
2 * Proportional Counter Pi^e^ainplif ier 
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3, High Resolution Spectroscopy Amplifier 
4 Proportional Counter High Voltage Power Supply 

'^5. 10 yCi S52n X-»Ray Source/ (10 uCi 5^Co Source, Optional) 

6. Multichannel Analyzes (100 channel or more) 

7. ' Thin Foils of Nickel and Aluminuin up to a T^ of 70 mg/cm^ 



Option B ( Items 1 through 7 plus . 
8* Single Channel Analyzer 

Electronic Digital S c a 1 e i" 
Electro nic Time r 
Lineax' Gate 

slifier (I to 5 ysec) 



1 i. 

12. DeLav 



PROCEDURE 
Option A 

1. Set up the electronics as s^own in Fiqure 1. Place the 10 yCi 
S ^Zn source about 2 cm from the face of the proportional 
^:counter , 'S-^t the high voltage power supply to the value 
recomiliended "by the manufacturer » Adjust the gain of the 
amplifier so that the K,;■^ group from the ^'-'Zn source is 

. being stored midway in the multichannel analyzer. 



laWIL Be 
WINDOW 
PROPORTIONAL 
COUNTER 



HIGH 
VOLTAGE 
SUPPLY 



r? 



PREAMP 




MAIN 




MULTICHANNEL 




AN4PLIFIER 




ANALYZER 



FILTER 
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2n SOURCE 
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2, Accumulate spectrum for a period of time long enough to ^ 
"-.^^ obtaifi 6000 counts under the K X-ray group. Remova the source 

and collect a background apectrim for the^same length of time* ^ 
Subtract the background counts which would fall under the 
K x^ray group. 

Call the resulting value CE-g) . Divide by the time and thus * ' 
determine ^1^- ((Z-B)/t)]. This %^rm represents tha number of 
. counts per second that the detector" observes without an 
Ir ^sorbing filter, ^ 

3, Replace the* source and insert a 5(mg/cm2) ariiminum foil between 
the source and the detector. Determine ((E-B)/t) as in 2 * 

4, Repeap^his same measurement for the thicknesses recorded in \ 
Tabla^I, Fill in the data table. \^ 

Table I ' . 

, .. ■ _ 

' Mass Absorption Coefficient Data 



Absorber 


Thiokness mg/cm 


(E-B)/t = 1, 


1 


5 




2 


10 




3 


' • " ( ' 




4 


, - 20 \ 




5 


25 

- -J — - 




6 


30 




T ' 






,8 . 


' ^ 45 




'9 


60 . . 


. •■ " 



5* Make a similar. data table for nickel foiJs and repeat the 
measurements for the values in the table. 
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Nickil Filtiri 

•*Zn Sourci 
lOaKiVX'Rsy ' 
Half Valui Thickniss-ISJmgM 
Mqsi Attirf^Qtion Coiffieifnt^^ 
44Jcm-/gf!i 




J 0 10 '20 30 40 50- 60. .70 80 
Filtir Thickntii (m^/em^) 

, Figure 2 

E^C'tenuation Miasurenient iox Nickel for 
™" 3.05 KeV X Rays from ^Hn ' 
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Figure 3 

: * Attenuation Maasurenient for Almninuffl for 
r^, J.05'Ke\^ X Ray from llii 



173 



DATA EDUCTION 
Exaraise (a) 

Using semi-log graph paper, plot I versus the absorber thick- \ 
nass. Figures 2 and 3 show similar plots for nickel and aluminum. ^ 
Datarmine the HVL for these two metals. 



Exsroise (b) (Optional) 



^5Zn source and place a lOpCi ^^Co source in the 
Repeat the attenuation measurement for enough 



Remove the 
source position 

abHoriper thicknesses to establish a graph similar to Figures 2 and 
3,' Figure 4 shows a pulse height spectrum for ^^Qo that was 
measured wi^h a proportional counter. Note that in this measure- 
ment there' are two photon groups; and, hence, if they are treated 
separately, the HVL of Both the 6*4 and the 14.4 keV groups can be 
determined. ^ 



H 

UJ 



PROTORTIONAL COUNTER X-RAY ^CTRUM FROM '^e 

14.4 KtV 




Figure 4 

Prpportional cdunter Pulse Height Spectrmn fpr S7qq 
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PROCEDURE 



Option B 



1* Set up the electronics as shown in Figure 5* Place the ^^Zn 
source 2 cm from the face of the proportional counter* Set 
^ the high jp ltaae at the value ^recommended by the proportional 
counter iMiiufacturer . Adjust the gain of the amplifier so 
that the 8*04 keV line from ^^Zn gives output pulses from 
the amplifier at about 4 volts. Set the delay' amplifier at 
2 ysec* get the single channel analyzer in the differential 
mode of operation and adjust the E and AE dials so that the 
single channel analyzer brackets the output pulses from the 
= ifier. 

I 



X-RAY ABSORPTION MEASUREMENTS 
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Figure 

Electronics for Absorption Measurements with a Linear Gate 



2, With a scope look at the output pulses from the liiiear gate, 

The output pulses from the linear gate should look just like v 
the pulses from the amplifier. The linear gate is a coincidence 
type circuit that will pass an input pulse from the amplifier 
into the multichannel^ provided there is a coincident (ENABLE) 
pulse from the single channel analyzer. The (ENABLE) pulses 
really open the linear gate which in turn passes the amplifier 
pulses into the multichannel analyzer* Since the scaler is 
also recording the single channel analyzer output pulses, it 
is essentially integrating under the peak that is observed in 
the multichannel analyzer • Thus this circuitry allows one to 



by-pass the time^rssociate^ with reading out the multichannel 
and sunmiing the^eak in th^ Bactrim, 



3, 




4. 



Now that the system is adjimfed, the scaler is used for the 
maasuremants . Set the timer for a time which is sufficient 
to give about 6000 counts in the scaler,^ Record the time. 
Ramove the source and accumulate a background measurement 
for the same period of time. DeteCTiine ((2-6) /t ^ I) as in 
OptioM A.. ^ 

Place the 5 mg/om^ Nickel foil between the source and the 
detector and run for the sane length of time as 3. Determine 
I for this measurement. Continue for the foil thicknesses in 
Table I for both nickel and aluminim. Exercises (a) and (b) 
same as for Option A. 



DISCUSSION 



It is possible to produce X rays by fluorescence and then 
measure their attenuation as outlined above* Figure 6 shows one 
possible ^rrangeinent by which this can be done. The student 
would bihefit by first reading Experiment 3 in Module 1 which 
is X-Rav Fluorescence with a Proportional Counter . The advantage 
of this technique is that any X-ray energy whichis desired can 
be produced by the proper choice of the target element which is 
being fluoresced. The rest of this exercise is composed of 
filling in data Table I as in (a) and (b) above. 



X-RAY FLUORESCENCE USING PROPORTIONAL COUNTER 
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Figure 6 

Absorption Measurements with Fluorescent X Rays 
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POST-TEST ^ ^ 

1% What fraction of 84 7-keV gamma rays incident on a 3 cm thick 

she6t of Fe^are attenuated if the linear attenuation coefficient 
im 0. 511 cm 1? . 

2. 6,4-^eV X rays from Fe are detected by a Lithium drifted 
silicon detector with a 10 mil (1 mil^O^OOl") Be wiiidow posi- 
tioned 10 cm from the Fe target. What is the corre«ion for 
attenuation in the air andBe window if the linear attenuation 

coefficients are 0.023 cm"l and 5,65 cm^l; respectively? 

3* Would 30-^keV X-'ray photons^ have a larger probability of inter- 
acting by means of a) pho^td^ectric effect, b) Compton effedt, 
or c) pair productjion process and why? 

ADDITIONAL REFERENCES 

1' Radiological Health Handbook , U. s\ Department of Health, 
Education, and Welfare, PHS Publication 2016, Washlnqton, 
.D*C. , 1970;, ^ : 

2, r; t. Overman and M. Clark, Radioisotope Techniques (McGraw 
Hill, Y,: I960), ^ " 

3* K, Se'igbahn, Editor, Alpha, Beta and Ganma-Ray Spectroscopy , 
Vpl, 1 (North Holland Publishing Co,, Amsterdaml 1965) ."'^ 



4, 



C, M. Lederer, J, M, Horiander, and I, Perlman, Table of t he 
Isotopes , 6th Edition (Wiley, N. Y.i 1967)* [ ~ ~~ — 
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ANSWERS TO OUESTlUNH AND PHOULtWH 
Pre-Tes t '^swers 



1.1 E ^ hf • ^ 



f ^ 11^221 eV 

^ 6 . 625 K 10* 2 y erg^aec 

= (1693.7 ^ 10^^ 'eV/erg^aec) x (1.602 k lO^i^g^g/ey) 



^ 2.713 X 1018 sac^i 



1.2 X - g 



^ 3 X lO^i cm/sea 
2. 713 ^ IQi 8 seo^i 



^ 1,106 X 10-8 



cm 



□ 



= 1.106 A 

Ik 

2.1 The eV is the energy acquired by an electron in passing 
through a potential difference of 1 volt, 

2.2 1 keV = 1000 eV 
i MeV - 10^ eV 
1 GeV ^ 10^ eV 

3.1 The mass attenuation coefficient y/p (cm^/g) is the linear 
attenuation coefficient uCcm"!) divided by the density of 
the material p(g/cm3)^ The mass attenuation coefficient is 
really more fundamental since it is independent of the 
actual density and physical state of the absorber. 

3.2 By conservation of total relativistic energy 

Y ^ "^i 

But, E can be rewritten as 

Y ' ' ' 

E =hf=— ^Pc, and 

Y Y Y J- 
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Y e a e e a a 

i 



If we neglect the recoil kinetic energy of the atom with 
respect to the energy of the incident photon^ then we havei 

P c + m c- = *^P^c^ + rn^c'* 

Y e e e 

Solving for the maKimum momentum of the photoelectron^ we get 

P_ - / p2 + 2P m c 
e Y Y e 

By coneervation of momentum^ 

P = P_ P , and 

Y e a 

P^ ^ P^ - p 
a e Y 

Hence, 



Post=Test Answers 

1. The fractional transmission is 

^- (0. 511 cm- 1) (3 cm) 
= 0.216 

The fraction that is attenuated is 

1 - J = 0.784 

o 
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2. The fraction that wms not attenuated by the air and Be window 
is giv^en byi 

I ^ |^-(0.023 cin*i)(10 cm)J^^-(5.65 cm^i) (0.0254 am)l 
- (0.793 ) (0*866) k 



- 0,686 

Correction - 



I 




^ 1 
0.686 

^ 1.46 



Because of the relatively low energy of X-ray photons (0-100 keV) 
the probability of interacting is larger for the photoelectric ' 
effect than by the Compton effect. Photoelectric interactions 
are possible only for small hf and large i.e. opj^'vz^/ (hf ) ^ . 
Compton collisions predominate in the entire region of inter- 
mediate hf (i.e. 100 keVshf slO ,000 keV) and for all Z. Pair 
productijon is only important for large hf (>1022 keV) and 
large ^ 



y 
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MODULE FIVE 

ACCELERATOR EXPERIMEWTS 

A module utilizing low voltage accelerators in 

atomic and nuclear physics experiments. .' , . 

INTRODUCTION . 

accelerators were used, natural radioactive sources 
fSr ^^^"'Jf jays provided the only energetic sub^atomic particles 
for the study of nuclear properties. Since the early 1930 's charged 
particle accelerators have been used extensively to advance our ^ 
basic understanding of atomic and nuclear structure. Therprovide ' 

contr^??^;r"-^^ ''^^^ * "^^^ °f different projectiles o? 

Srolu^i intensity. The e^liest accelerators could 

produce proton beams from less than 100 keV to 1 HeV in energy' 
??Lf ^^P®^ °* accelerators are the Cocke roft-WaltoI; fhe 

linear accelerator, the cyclotron, and the Van de Graaff. 

This module consists of two experiments. The first experiment - 
involves the measurement of thin films by elastic ion-beam IcaSring 
-The |econd experiment studies X-ray production using a small ^ 

and /lii^r^^^^^^^ introduction are the objectives for the module 
J^;^™ desirable prerequisites for the student to have before 

attempting this module, ■ ueiore 

OBJECTIVES 

w-ifh ^h! objectives this module are to familiarize the student 
=i!Vi equipment and techniques used in experiments utilizing 
th;^h?''r-®"-r:K. Specifically, the objectives are to measure, 
the thickness o^ thm films by elastic ion scattering and to " 
stuay X-ray proHuction by proton bombardment. 



PREREQUISITES WITH PRE-TEST QUESTIONS AND PROBLEMS 
1- Electron Volt (eV) , kev, MeV, GeVi 

1.1 How is the eV related to the multiples keV, MeV, GeV? 

1.2 An eV is equivalent to how many ergs? Joules? 



2. 
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Relationship between Wavelength, Frequency, Velocity, and 
Energy of Electromagnetic Radiation; 
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r 

2.1 What im tb© frequency and wavelangth of the 11.92 keV % 
X^ray photon .from Bromine? 

j ' ■ 

3* Coulomb Forces 

3.1 What 18 the couldmbic force of 4 attraction between the electron 
and the proton for the hydrogematom in its ground state? 

4. Magnetic Force on a Moving Charge i 

4*1 What is the magnetic forqe,on a 150 keV proton moving perpen- 
dicular to a uniform mag^tic field of 6 kilogauss? 

5. Rutherford Scattering Cross Sectioni 

5.1 What is the expression for the Rutherford scattering differentia 
cross section? 

5.2 How does the Rutherford cross section vary as a function of the 
incident projectile charge? the target nuclear charge? the 
energy of the incident projectile? 



• 



183 



EKperiment 1 

Thin Film Measurements by Elastic Ion Beam Scattering 
' with a Low Voltage Accelerator 

(A Laboratory Experiment a Senior Reeearclx Project)' 




r 



Objective 



To use a low voltage accelerator in the study of thin films 
by measuring the scattered ions from the sample, 

References 

1* J. L, Duggan, J. F, ^gge, "A Rutherford Scattering Experiment," 
Journal of ^Chemical Education , Vol. 45^ p. 85, 1968. 

2, J. L. Duggan, editor^ Proceedings of the First Conference on 

^ ^e Use of Small Accelerators for Tearch^lng ^ a Research ^ CO^^^^ 680411 
TID 4500, Available from the Clearinghouse for Fede Scientific 
and Technical Information, N.B.S, U*S. Department of Commerce, 
Springfield, Virginia 22151 (|3) , ^ 



3. J, L, Duggan,^ editor. Proceedings of -the Second Conference on the 
Use of Small Accelerators for Teaching Research ; CONF 70 0 3 22 1 - 
TID 4500, Available from the Clearinghouse for Federal Scientific 
and Technical Information, N*B,S, U.S. Department of Conmerce, 
Springfield, Virginia 22151 (S3), 

4. J, L. puggan, "A Study of the ^Li{p,a)a Reaction," Journal of 
Nuclear Energy , Vol. 22, p. 611, Pergamon Press, 1968. " 

5. W. D* Bygrave, P. A. Treado, J.\m. Lambert, Accelerator Nuclear 
Ph ysics, Fundamental Experj^ments with a Van de" Graaf "f Accelerator 
(High Voltage Engineering Corporation, BurlingtoQ, Massachusetts, 
1970) . ' 



Introduction " * ' 

Iruihis experiment we are going to bombard a thin target. with 
protons or deuterbns from a low voltage accelerator. The accelerator 
can be a Cockcf of t-Walton or Van de Graaf f type. The experi^nental 
write'-up is intended for machines that have accelerating voAages 
less than SOO keV. Figure 1 shows a photograph of a typical 400 kpV 
Van de Graaf f, bending magnet and scatteri^A chamber that is set up 
for educational experiments. Figure 2 sh^ws^^ photograph of a 
bending magnet and scattering chamber. In geri#ral, the ion beams 
that are used for this application are^^ite low in intensity, Be^ 
currents for this application are usually les^s than 50 iiamps. At 
these .low voltages and beam currents, there is essentially no health 
physics problems generated at the^arget. However., a person -who is 




" / ^ ■ . ' \ ^. : - 

familiar with the accelerator and its operation should be imvolved 
with the experiments until the new users are familiar with the ^ 
accelerator parameters* 

Figure 3 shows an overall schematic of the accelerator and the 
associated electronics for this experiment, A scattering chamber 
^ of some sort has to be constructed or purchased for this experiment • ^ 
BaiicalJ^^ the scattering chamber is a cylinder that mounts to. the 
an^ of the beam tubing. It has in the follo^ingi a mounting 
^frame for the thin fpil which is our \target/ a movable solid stajte 
surface barrier detector for measuring /the elastically scattered^ 
ions^ an isolated Faraday cup for measuring the number of protons 
^hat impinge on the target for a given \mea3urement, and defining 
slits to adjust the size of the .beam spot on the target. Figure 4 
gives an artist's concept of a scattering chamber with the basic 
features which are necessary for this experiment-^ 

In this experiment we v/ill simply record the number of scattered 
particles that come from the target at an angle 8 (see Figure 3) , ^ 
From this information we will be able to cd^lculate the foil thickness 
in the chamber and compare ^he theoretical ^nd experimental scajttering 
cross sections. ' 



Equipment 



1. 


Low Voltage Accelerator 


1 




2. 


Scattering Chamber 






3. 


Solid State Charged Particle Detector' 

m 






4. 


Detector Bias Supply 






5. 


High Resolution Pra^amplif ier 




i 

\- 


6." 


Spectroscopy Amplifit2r 




7. 


Current Integrator 






8. 


Multichannel Analyzer i . 






9. 


Thin foils for th-icknesrs moasuromen ts 


* 





Procedure ' , 

^ — ^ — = . ^ ^ ■ 

'1, Set up the electronics as shown in Figure 3. -With an alpha 

source and a pulse genr^rator , cal ibra te ' the solid state detec- 
^ tor so that the output pulses r.^ugo up tQ/200 keV, This'pro-, 
cedure was outlined in an earlier experiment in this manual , 
We are assuming that the maxirn.iin.i bnergy of the accelerator 
which is available for this experiment is 200 keV* * ^^^'^ 



EKLC 



190 



SCATT^ED 
DEUTERONS 



150 
DEUTERONS 



c 



ACCELERATOR 




PRE- 








aiiUCL 


AMPUFER 








ANALYZEP 



.MOVEABLE DrreCTOR 



ISOLATED 
FAR^Y CUP 



ommHi iiitjsHAitK 

GIVES 

NUMBCT OF DBfTOOp 



* SCATTERING 
CHArypER 

Figure 3 • . vj 

Electroniqg for thin film measurement by elastic ion scattering. 
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Artistes concept of sca^ttering chamber for 
thin film scattering measurements. 
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josition • \ Let * m 
Evacuate 



2* Place the target 'to be studied in the target 

assume that it is a thin gold foil ("^^lOO ligm/Bm-) 
the scattering chair^er and adjust the beam of the accelerator 
so that it will bombard a spot in the center of the target with 
an area of about 1 mm^ • Set the movable detector at an angle 
9-40 and * observe the pulse height spectrum that is being 
accimiula.ted in the multichannel analyier. Figure 5 shows a 
typical spectrum that was obtained in a sij^ilar^ experiment. 
^Note that the only group that is seen is a single elasticAlly 
* scattered peak. ^ # 
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CHAl^NEL NUMBER 

^ * Figure 5 

Pulse height spectrum for the ^2Q(p^p)l2 



C reaction 



at Ep = 150' keV and 0^ ^ 30^ 



Change the accelerator energy from 200 keV to 150 keV and 
repeat the measurements in 2. Repeat at an incident 
beam energy of 100 keV, 



4, Change ta_ your second target and Repeat Procedures 2 and 3. 




Data Raduction 



EKercise (^) ^ 



From the muitichannel readout at 20^keV^ sum under the scat*- 
tered peak and subtrlct the estimated background. Enter this valu 
slS (Z-B) in Table; I* Record the channel number of the peak* Repeat 
for the other pn tries in Table I* - ^ 



1 



Table I 



Foil Thickness Measurement for Protons on Gold, 0 = 40^ 



Incident 
Energy 
(kev) 

200 

150 



Peak 



Peak 
Channel 



Number of 
Incident 
Protons 



"R ' 
Theory 
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Figure 6 

Theoretical and measured energies of 150 keV protons 
scattered from a thin carbon target. 



Exereise (b) ; 

F^om your energy calibration curve for the solid state detector^ 
determine /the energy of the peak for e^ch of the runs. Since we are 
scattering from a heavy nucleus like gold^ the kinematic energy 
loss is small and the^ scattered energy at 40^ is approximately the 
energy of the accelerator, Howevef, for lighter ' targets the situ-' 
ation is different. The incident pro jec tile may experience rather 
large kihematical energy losses as wjill as energy losses just due 
to finite target thicknesses, Pigurii 6 shows a plot of what would 
be expected from 150 keV protons from a thin carbon /target . Note 
that at a , scattering dngle of 40^ the scattered protpn has a theore- 
tiaal scattered energy of 140 keV, /The measured ejier^y is about 115 
keV. The dE of 25 keV is the averagfe energy that the pr^on ioB«& ii>-^^ 
going through the carbon target, Although there is little collision 
energy^^ loss with a gold target^ there isi of course^ an energy loss 
due to the thickness of the gold foil as with carbon, 

^ \ ' 

Exercise (c) ^ . 

^ ; Calculate the target thickness for each of the runs as follows i 
a^^ the Rutherford scattering cross section, is given by the following ? 
theoretical formulas 



do 



milllba(rns 



s teradian 



= 1.296 



sin'* flab 



(1) 



wh'erte Zj = charge on the incident particle (one for protons) 

Zz - charge on the target hucleus (79 for gold) ^ ^ 

^lab ~ incident energy in MeV 

®lab * mGasured angle, (40^ in our case) 
The measured cross section is given hy% 



da 

m 



cm' 



^s teradian, 



mm 



(2) 



where fe^g) 
N 
n 

, AO 



the sum under the scattered peak minus the background 

number of target nuclei/cm^ 

number of incident protons - 

solid angle in steradians of your detector 



It can now be assumed that (1) equals Eq (2)^ hence: 



Therefore 



N ^ 



( da ~ 



(E " en 

n^n X 10 



number of target nuclei 



-2 7 



cm' 



(4) 



and 



^ target 



(6.023 X 10^3) 



atomic waight 



Therefore 



n r: . ^\ N (atomic weight) 
cmZ of target )= 6,023 x 10^^ 



(5) 



Fill in the foil thicknesses in Table I from Eq (5^* figure 7 shows 
that for gold our assumption that the measured cross section was 
egual to the theoretical value is a .good one. In the figure 
is the theory and. cfe^p is the experimental value. At 40*^ the 
ratio of these two is one. 
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Figure 7 

Ratio of the Rutherford 
experimental cross section to 
the theoretical value. 



E:\ercise (d) Optional 

If you wish^ you can verify that the measured cross section 
agrees with the theory at other angles. We are assuming here that 
you have already determined th^^target thickness. Figures 8 and 9 
show the agreement between the experiment and theory for the case 
of deuterons on gold and deuterons on boron. It should be obvious 
that this experiment can easily extend to a senior research project. 
In order to aid the student|who wishes to follow either experimental 
or theoretical work on this' subject we have included an abundant 
supply of references. ' \ > ^ 
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Figure 8 

Measured and theoretical Rutherford scattering 
cross section for deuterons on gold. 
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Figure 9 

Measured and theoretical Rutherford crpss 
sections for deuterons on borQn.— ^ 
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Post-Test 

— i , , 

V • ■ 

1.1 Why can only the nmnber of particles passing through a thin 
foil and striking the Faraday cup be used to determine the 
nun^er of incident particles? JWhy shouldn't one consider 
those incident particles that are scattered frqm the foil? 

1*2 What is the thickness in cm of* a 100 ygm/cm^ thick gold foil? 
in incnes? ^in microns (1 micron ? 10""^ m) ? 

1.3 If the . theorel^icai Rutherford differential scattering cross 
^section .for prdtons on gold is 63*4 b/sr, what would the ^ 

value be for protons on silver? for protpnA^ on lead? If 
the proton energy was changed from 2 MeV t^l MeV, what 
would the values of ttie cross sections be for the above 
targets? ^ . ' j 

1.4 Assuming a 3 microampere beam of 200 keV protons strikes a 
Faraday cup at the end of a beam line^ how much. power must 
be dissipated? 

1-5 For a charged particle passing through a magnetic field, 

derive an, expression for the radius of curvature as a func^ 
tion of magnetic field- strength , B; the rest mass energy^ 
c^; the kinetic energy^. T; and the charge of the particle. 
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Computer Programs y* 



can be used to find the centroids of the pulser cali— 
bration spectra. It can also be used to find the elastic scattered 
peak position. LlNEAR-6 can be used to make the' calibration ciarve* 
The "Rutherford scattering" program will calculate the theoretical 
Rutherford scattering cross section for the experiment* 
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and Company , Inc, , Garden City, N* Y. , 1964 , p. Ill* 
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2p J* L* Duggan, D. Adams, R. J. Scroggs, and L, S, Anthony, 

Am, ^J. Phys-, , 35, 631 (1967)* ^ 

3. J. L. Duggan., Am, J, Phys . , 33, 312 (1965), 

4. L, S. Anthony^and j, L, Duggan, Am* J* Phys * , 35, 194 (1967)* 

5. J, L* D^gan, J, F, Yegge , and K, L, Ford, . Am* J> Phys * , 35, 
-765 (1967) , 

6 • K* B * Mather and P , Swan , Nuclear Scattering , CamBridge at the 
University Press, Cambridge, 1958,~p7 27T' 
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^ Expcr intent 2 
X-Ray Production Sti/dles with k Srnall Accelerator - 



ective 



study the production of chaMcteristic X rays bj'-prbton 
^ bdmbatdmant With a small 1&o.c^croft-Walton or Van de Graaff ' 



a'ccelerator 

.1 ■ - ■■ 

References ' - 

1. L. j. Christensen, J. M, Khan, and W. F. Brunn^r, "Measurtnent 
of Microgram Surface Densities by Observation of Proton Fl-u- 

- duced X-Rays," The Review of Scientific In struments / 38 , p. 20 

(1^67). ~~" — — — ' : ■ ' f 

2. w. M. Coates, "The Productioni of X-Rays by Swiftly Moving 
Mercury Ions," The Physical Review ,* 46, p. 542 (1934). 

3. R. W. Fink, R. c. j5pson, Hans Mark, and C. D. Swif^, "Atomic 
^^lyorescence Yield," Reyiew of Mqdern physics , 38, p. 513 (1966) 

4. J. m Hanstein and Sfi Messelt, "Characteristic X-Ray Produced 
by Proton of 0.2 to 1 . 6 MeV Energy," Nucl%ar Physics, 2, p. 526, 
(1956-57) . ' ~ " 

5. R. R. Hart, N. T. Olson, H. P. Smith, Jr., and J. M. Khan, 
"Oxygen Surface-Density Measurements Based on Characteristic' 
X-Ray Production by 100-keV Protons," Journal of Applied 
Physics , 39, p. 5538 (1968). " ~~ 

Introduction - ^^x * * 

Many experimGnts that are dona with accelerltors are compli^ 
cated either electronically or eKjderimentally , This eKperiment 
doe'sn't suffer from either o^ these problems. Experimenta^y the 
problem is quite simple. A proton beam (see Figure 1) is allowed 
to impinge on the sa^mple to be studied. The protons make a coulomb 
type interaction in the sample and, iimnce , remove a tightly bound 
electron (K or L) from one ^f the target atoms with the resul^t . that 
characteristic X rays are produced. (The X ray can be measured' 
either with a proportional counter , a Si (Li) or Ge(Li) detector 
as shown in Figure 1. ^'Figure 2 shows a photograph of an Si (Li) 
X=ray detector and simple beam tube arrangement. In this figure 
the detector window is separated about 2 mm from' the beam tube 
beryllium window. Shown also in the figure are the electronics / 
for these measur-pments . There is a slight problem associated with 
bringing the X rays ^out of the accelerator ^beam tubing. This can 
be done by sealing a 1,25^10"^ cm fcferyllium exit window onto the 
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figure 1 . 

Electronics for charged particle induced X-ray 
studies with a Ge(Li) detector. 



beam tubing, ^^ce the X-rays are produced^ the rest of the count- 
ing procedures etc, are for the most part as we have already 
o^linei in the previous X-ray fluorescence experiments. 

The beam'^ current f oaf these experiments is usually kept to about 
1 Mamp, The targets to be studied can either be ^ infinitely thick 
to th# beam of protons or thin targets . ' 

^There is no radiation hazard^produced at the target when a 
low (less than 1 MeV) energy beam strikes a metal target^ The ^ 
best targets to study at low energies are the elements calcium 
through zinc for K lines and elements heavier than tin for L 
lines. 



There are .several points of interest in these eKperiments that 
should be mentioned. The first is that there is a considerable 
amount of Interesti^ in regard to the actual magnitude of the c^oss 
sections for these interactions. The simple plane wave Born aoproxi- 
mation which is normally used to describe an interaction of this type 
has its shortcomings at these low energies. Secondly^ there has 
recently been a gr|^t deal of interest expressed in using. accele- 
rators in thors man!^^ a& an analytical probe to study surface pheno- 
mena. The best exa^ae is perhaps the^ semiconductor induf try Khose 
m,ain interest is^^^^in'^on implanted semiconductors. For exMiple some 
of ^hese devices are manufactured by implanting z£nc ions into' a 

questions €o be answered arei how uniform is 
is the depth of the implant. Both of these ^ 
/ ^^^^^ i 



silicon matrix. The 
the ^implant anft* what 




ERIC 



proble^^_qan be' ^Ived^.with charqed^ particle irfSuced X^cay measure^ 
ments, /Np'he miifprmity' can be determined by ^s^tii^ydng. the number of 
Zn X rays . that' are pi^ducdfi a' function af whefe thf bedm is 
striking^ the sample. The^ de^;t'hx can be measured by observinq ^ the ■ 
number of X rays produced as 'a fiinction o^ tombardlng energy. -The 
lower energy ions only penetrate a few Angstroms ^^nto the surface 
and henee. a plot of 'the Zn k4 X-ray yield as a 'fmctldn of beam 
energy will giye the depth of the implant. ' ^ 

.^^ .. . ' 

Equipment l j 

\. Low Energy Accelerator with X-Ray Target Assembly; Current 
Digitizer and Scaler 

2* Si (Li) X^Ray Detector 

3, Detector Bias Supply .. | ^ 

4, Spectroscopy Amplifiesr ' ' ^ 

5, Multichannel Analyzer ^ 

6, Calibration Sources as followsi (all should be standard ±10%) 

a) 10 uCi ^^Co 

b) 1 yCi ^^^^Am 

c) 10 uCi%.^^'Mn 

d) 10 yCi ^^Cr 



Procedure ' , / 

1, Place the 10 pCi 'standard source in the position where the 
target will be when being bombarded with the beam. AccumU'- 
late a spectrum for a time period such that reasonable statist- 
tics are obtained in the calibration lines of interest. Repeat 
for the other standard sources listed in Table I. Fill in the 
peak channel information in the table. 

2. Remove the radioactive sources and place a thin iron foil in 
the target positions. Set the beam current of the accelerator 
at around 50 0 nAmps and allow it to impinge on the target with 
an incident energy of 150 keV. Collect a spectrum for a long 
enough period of time to get reasonable statistics under the 

Fe K^^ peak. Integrate the beam current for each r un . Figure 3 
shows a typical spectrum that was collected under similar con- 
ditions. Readout the multichannel analyzer. Repeat for the complete 
range of energies available with your accelerator (in 50 keV 
energy increments) * 

/ 
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/ ■ • . • . ' 

. = ' TablG I = 

Energy & Efficiency Ccilibration of^ Accelerator Counting Geometry * 
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Figure 3 

Fr- K . J sp&etrum produced 
Ijy proton bombardirient . 
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Repeat the measurements made iit Procedure 2 for other thin 
targets. Figures 4 and 5 show a variety of other targets 
that were bbmbarded ' with a 350 keV proton beam from an 
educatio-nal^ Van de Graaff accelerator. 
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Characte'ris tic X-ray spectra of Mn^ FeSOt^ , Ni, and Cu 
Note^ indicated energies are keV. 
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X-l^ay production spectra of KCl^^and Sc on copper baGjking 
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Data. Reduc.tion ^ 
Exarcise (a) 

i 

From the peak channel information recorded in Table I, plot 
a calibration curve. Find the slope of the calibration curve and 
determine the resolution of each of the peaks listed in ^he table. 



Exercise (b) 

Sum under the K group in the spectra collected in 1 and divide 
by the time and thus obtain the measured photons/sec in Table I, 
.From the activities of the sources and the decay scheme information 
(see appendix), calculate the number of photons/sec that each source 
emits. Enter these values ih Taftle I. Calculate the efficiency of 
the system which is the 'ratio o'f - photons/sec measured to the theore- 
tical count rate* Plot a curve of efficiency versus photon energy 
for- your target configuration* /Figure 6 shows a similar curve that 
was measured for an accelerator detector arrangement. 
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Figure 6* 

Efficiency curve for a Si (Li) detector with a 
2,5 K 10^2 cm Mylar entrance window. 
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Figure, 7 shows an electronic block diagram that would be used 
for this experinient if a proportional courjter were usad instead of 
a Si (Li ) X^ray detector. 
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Figure 7 

Charged particle induced X-ray studies with a proportional counter* 



Exercise (c) 

For each of the spectra collected, calculate the absolute 



cj r u £ 



s e c t i u n , 



T h i s i s d one a c c o r d i n g t o t h e t o 1 1 o w i n g : 



(1) 



where iT.-(i) ^ surn under the K^^ + K^, cfr^oups in the spectra 

N = n u mb e r of t a r g e t n u c 1 e i / c m ' ' 

= number of incident protons 

c = efficiency obtained from Exercise (b) 

Calculate Oy for all of the spectra collected. Plot a^. versus 
energy for each of the elemente studied. 



uis cuss ion 

This kind of project makes an excellent senior research thesis 
A search of the literature will quickly revt;ial that it is possible 
to ^do unique original work in this area. Projects of this type can 
be used by students as a basis for papers presented at Academy of 
Science meetings and school seminars. 
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Post-Test 



• . ■. 209- 



2,1 Why do X-ray enex^gies incrGase/ unifor^mly wi th'-pi tofrfic. number, Z, 
while- the energies of optical lines are 'so non^uj^^vorm ''dven 
for adjacent elements in the periodic table? v^t'"^'^^ "' 



Computer Pregrams 

" . WW 

GAUSS--6 can 'be used to find the 'centroid^ of the pjiaks, LINEAR-6 
can be used to least squares fit the calibration data. 
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ANSWERS TO QUESTIONS AND PROBLEMS 
Pr^-Test Answers 

1.1 1 keV = 1000 eV 
1 MeV = 10 6 eV 

1 GeV = 10'^ eV 

1.2 1 eV = 1. 602 X 10-1 ■ ,3j,g 

1 eV = 1. 602 x 10^-3 T joules 



2.1 f = § 
h 



= 2. 88 X iQi 8 sec-l 



3 _x_ IJ^O cm/sec 
2* 8^—^ 10 1 8 sec" 



= 1,04 ^ 10^ 



cm 



3*1 The force is given by the familiar coulomb's law for point 
charges , 



4He:q r2 

where and q2 are the electronic charges/ r is the distanc 
separating the proton and the electron and Eq is the permit-- 
tivity of free space and has the value €n - 8, 854 x 10=* 
coul^/n^'m*^ * ^ 

The distance r is radius of the smallest Bohr orbit and is 
given by s 



r = 



me- 



Multiplying both numerator and denominator by c^ and 
rearranging gives 



2i 
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me 2 
fic 



£1 



r = 



[fic 

19 7, 32 Mev - fermis 
0, 511 Mev 



137 



0.529 X 10-8 cm. 



Hence ^ 
F 



4n(8.854 X I0^i2coul2/n-m2 
8.222 K 10^8 n 



(1.6 '< 10^^^ GQUl) 

(0. 529 Kio-iu m) ^ 



4 , J The magnetic force is given by the expression/ 
ik 

^ F ^ quB, 

The velocity of a 150 keV px^oton is o 



2E 
m 



2 (150 



u 



- 5.36 X 10 



10 ev) (1.6 X 10 
1. 67 X 10-^2 7 }<gjn 



^ I 9 joule , 
eV ^ 



6 m 



Therefore/ the magnetic force is 

F - (1.6 < 10" ^ coul) (5.36 
weber . 



10-^ 



m^' gauss' 



15 X 10 



^ 1 



new ton 



10^ m/s) (0,6 X 10'^ gauss; 



5.1 (~) Ruthefford ^ 1.29< 



. E 



1 

sin ' (w) 



2i 
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5.2 



do 
3q 



(Zi)? 



^0 t rt \ O 



do 



(i) 



Post-Test Answers 

1.1 Only a very small fraction of the incident particles are^ 
scattered away from the forward direction through interac- 
tions with nuclei in a thin f oil , For this reason , cross 
sections or the probabilities for scattering are measured 
in units of barns (10"^^ cm^) . ^ 

1.2 pt - 100 i-igm/cm^ 

= 100 K 10-6 gm/cm^^ 



100 



10 '° grn/cnT^ 



19.32 gin/cmT 
= 5.18 X 10" S 



2.04 



10- 



cm 



inchei 



1 .3 ~ 



da 



0.0518 microns: 
'Z 1 Z- ' 



E 



dQ ^'5°-^^ 



da , , , 

an ^silver, 



6 3.4 b/sr 

2 2 (silve r ) 
(goldy 



i3.4 b/sr 



(y|) ' 6 3.4 b/sr 



do 

3iT 



^ 22.4 b/sr 
(lead) = (H) 63.4 b/sr 
=68.3 b/sr 
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For 1^ MoV incilJdnt protons 
(Irold) 

- 4 4(6 3.4 b/sr 
253 , 6 b/sr 



dcj 



ij) ' 63.4 ^^^ar 



(silver) 89,6 h^sr 



273.2 b/sr 



/ 



-i 



Power = (3 X 10^5 .ampere) (O.^/x lo^ aV) 
^ 0,6 watts 



Prom Newton's second law 
ma - F 



mu 
r 



qUB 

mu ^ 
quB 

P 

qB 



The total relativistic energy of the charged particle may be 
written 



m^- c 



P'^c^ + m^c ' 



or 



P 



o 



But the total energy may be written in terms of the kinetic 
energy and the rest mass ener^gy 



mc 



T + m 

Q 



Squaring both bides of this expression gives 



m^ G 



+ 2m c^^ T + m^c'^ 
o o 



2-1' V / 
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^Subst-ituting in the eKpresaion for ±'he rr^nentum results in 



+ 2m T 



Hence, the radius of curvatur&' may be written 



t2 + 2nKc2 rp 



The. energy of the characteristic X rays depends on the binding 
energies of the electrons In the inner shells. Wi^h incrGasing 
atomic number Z, these binding energies increase rather uni^ 
formly with increased nuclear charge and are very little 
affected by the periodic changes in the number of electrons 
in the outer shells. 
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APPENDIX LISTINQS 

^ Regulations Conoemlng Safe Radlolsotpife Use and ' ' 
B Nonexhaustlve Radioisotope Vendor File 

II Prog^aro Develops for Reduolhg Data In this I%nual 

III . factor apd Accelerator Facility Sharing Prog'ajn 

W Absolute DlBlntep^atloq Rates for Sore" of the Most 
^ Cdnrnonly Used X-Rav and GSmm Ray Calibration 
Soiur^ces. 

. ^ jf-Ray Crltlcal-AbBoiptlOT and Emission Biergles In. KeV 



. ^ ' ' Relative Sensitivities of Elements to Neutron Activation 
" (Thennal) 

^11 Major GaimA Rays Observed in Neutron AGtlvatlon /^lalyBls 



^'11 General Textbook References for RadiolBotope Experments 

Govemment Trogr^g tiiat are Des lfflied to ^Ip Coller^en 
and UnlverGltles with t he Funding of Ed ucational Sc i en^ 
tlflc Equipment 



EKLC 



218 

'APPENDIX I 

Regulations Concerning Safe Radioisotope Use and a N^hexhaustlve 

Radioisotope Vendor File 

All users of radioisotopes must follow regulations concerning 
safe radioisotope use. A copy of Code of Federal Regulations , 
Title 10 - ^tomic Energy, Chaptec/l, Part 30 - Standards for 
Protection Xgainst ftadiatipn , and Part 3 0 - Licensing of Byproduct 

Materials ^should be obtained by all potential users . A free copy 

- _ - _ ■ - * 
can be obtained by writing ^ 

Administrator for Nuclear Energy 

Energy Research and Development Administration 

Washington^, D. C. 20545 

An exhaustive list of manufacturers that supply radioisotopes 
for educational use can be found in the Isotope, Index^ J, L, 
Sommerville/ Ed., Scientific Equipment Compan^t Publications 
Department, P, 0, Box 19086, Indianapolis, Indiana 48219 
(Price $2.00). Listed below are some names and addresses of a 
few companies from the Index. ^All of these companies will be glad 

i 

to furnish upon request descriptive literature with regard to their 
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Abbott i^boratfcrles . ; . / . 

Abbott Parle \ ; ^ / ' 

North Chicago J hlinoii 6060^ 



Nucle^, Supplies 

0, Box 312 
&icln0 5 California 



91316 



Ato^c Corporation of America 
790|^^ Pemando Road 
Si^Tklley, California 91352 



Nuclear 'Science and Er^lneerlng 

Coipor^lon 
P*^ 0. Box 1090 J 

Pittsburgh i Pennsylvania 15236 



BiO"Rad Laboratories . 
1257 South 32nd Street 
Rlcimond^ California , 



Nucleonlc Corporation of America 
196 De^^aw Street; t 
Brooklyn, New York/ ,11^31 



Cambridge Nuclear\ Corporation 

131 Portland Street 

Caii±)rldge, MassachusettB 02139 



The Nucleus ^ ^ 
P* 0. &x R/ 

Oak Ridge 5 Tennessee 37830 



Chenffrac Corporation 
RadlochemlGal Division of 

Balrd-»Atomlc 5 Inc* 
33 University Road 
Cambridge 5 fessachusetts 02138 



General tedioiBotope Process Ing 

^ Corporat Ion 
3600 San RamcDh Valley Boulevard 
San Ramon, California 9^583 



New En/i^land Nuclear"^ Ccrr7)oratlon 

575 Albany Street 

Boston, Dfessachusetts 02118 



Nucleai'-^Chicago ■ Corporation 

^3 Earit Howarxl Avenue 

Des Plainer., Illinois 6OOI8 



OHTEC, Inc, . 
100 Midland Road 
Oak Ridge 5 Tennessee 



37830 



Schwarz Bio-Research ^ Inc, ^ 
Mount a%ivlew Aventie 
C^\angeburg, New York .10962 



Squibb, R. , &■ Rons , 
tediopharmaceutical Department 
Georges Road 

New BrLmnwInk, New Jerr.ey 08903 



Tracerlab Inc, % 
TecKmlcal Prc^ductn Division ^ 
1601 Tr^ap^lo Road' 
Waltham, Massachusetts 02081 



Nuclear Consultants Corporation 

98^2 Manchester Road 

St, Louis J Missour^i 63119 



U. S, Nuelerir Corporat inn 
P. 0, Box 208 

airbank3 Callfonila 91503 



Nuclear R^RPnr^nh rnn^nrinalr. Ti>- 



Vulk Rad1oc}"ierniGal Compajiv 
8360 Elmwood Avenue 



. AppandiK II * 

ProgrMfts Pava^lop^d for Reducing Data in thle jianual 

Gener|il Ramarkg 

These programs have been written for the reduction of experiments 
in this manual. In each case, adequate tasting has been done to assure 
the author that the program works. . . at least when he runs it! The 
programs have bean bitten for the most part in Basic Language, It' should 
be quite easy to modi€y a given progrMi so that it can be used on the 
computer in your school. 

If programs pan be used to reduce the data in these experiments, they 
should b% since this makes -the whole experience more meaningful* 

There arfe descriptions, instructions, and examples on the pages that 
follow* Examine th^ carefully, 

THERE ARE MANY WAYS FOR YOU TO LOUSE-UP A PROGRAM . . , I 

The most obvious of these is to input hma data. No matter how clever 
a programmer becomes, he can never provide for erroneous input ^ ^ ^ and 
the poor computer is too dumb to know the differanca^ - It treats everything 
as Gospel, The result will be garbage , » , and you*d better b@. able to 
recQgnize it before you go bragging about your most recant discovery. 

The best place for bmn data to hide is in BIG data blocks. " Edit these 
carefully with particular attention to the placen^,ent of commas, Onission 
of one comma can be a disaster , , , I Be sure that a decimal has not been 
siibstituted for a comma or vice versa- Transposed numbers represent still 
another trap and are among the more difficult input errors to find. 

It is imperative that the data be placed in the order described in the 



Edit your input to running programs w^h equal care. Mostly, m error 

isjdetadted before tha\RETOW key isipre^f key can ccane 

to youif feaeue, once raTTON is pressed, there is no recover * , . I teort 

the run with CTRL/C and try again* 

truly effective way for user to blow a prograin im to DELETE a line 

nuit^er after loaiJing the program^ Thid^oan be done quite innocently ^hen 

he starts typing data before listing a itne n^^er and DATA statement . . . 

now suddenly realizing his mistake, he presses RETUOT to try again, ZAP^ . 

/ * 

There goes a line whose ni;miber happens to Coincide with the data. Sometimei 
this will be detected by the compiler . , hiost often not. 

When you deaide you*ve loused up a data line so badly that it must be 
retyped • . , use the ALT-MODE key instead of the RETUra, Don't try to 
patch a i^tilated program. it is better to reload it and start again. 
Lots of Luck .... * 1 I 



PROGMH N^ffis LINEAR 6 ^ 

This progr™ computes a linear laast-aquares fir to a set of 
variablas of- X and Y,/ 

the slope,' intercept their standard deviations are provided. 
The data is then ex^ined to locate points which are statistically 
invalid by application of Chauvenet's Criteria, 

^ The user^has the option of inputing values of the Independent ^ 
variable to obtain the corresponding dependent variable at the 
concliisipn of the ruai* 

It is necessary to prepare a data block before running the program 



INPUT ^ - 

Instructions for preparing the data block , . etc, ? (see SPEC) 

I Input the nmnber of data pairs when aaked for by the running pro^ 
graum^ 



OUTPUT 

1^ The s ope .nd intercapt 

2, The s-^n^ rd deviation of each 

3, Chauveiit^t' s Reject Level - in standard deviation 

4, The Residuals 

5^ A refitting if poiht is rejected 



OPTIONS 

1, Input value of X to obtain the corresponding Y 



s r 
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Slops, ZXy - IxEy/N 



Intarcept, B » (Ey = mEx)/N 
Datenninant, D ^ Ex^ -,(Ex)Vn 

Intarcapt Error, Y3 ^ [ (ly^ - (Ey)2/jq = DJ#)/(N - 1) ] ^ ^ 
Slope Error, M2 ^ YS/Vd" 



Chauvanat's Reject Laval, algorithm 
C * 2 V In (N/11) , Sigma 
2-3 



Residual 

J p ^ ^ B HX)/¥3,> Sigma 
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BASIC 
NEk on 

CLU FKDG^'AM NAML- I ^iLAh 6 
LIST 1 , PbC^ 



1 

R 


r\ M 


Ii\bihUAl IONS FOn LINkAh LLAb i -bCiUAHLS. FHOGKAM 






INBEia DAlA>AlhS liN >LINLi b01-600* bLQUEM lALLY 


b 


REM 


i aA^jPLL : , ( 






DATA >U Yl# xa# YcJ i - 


7 




bC3P DA^'A X3# Y3* xi* Y^/ Xb^ tb ^ ^ ^ > 




?.LM 


n I S J MPUhl AM ^iO SEPPhAlk EACH tiNiiHY' *riH A COM^ 


9 


hLM' 


Li IS ALSt IMPUhTAM iU UMIi IHL COMMA AT IHL LNU OF LTiSit 


1 15 


mLM 


BL SUIiL lu COUiMl^YOUh kNlHY rAIh5 


1 1 




THtnt MUbT Hh MUhL THAN iWOII ' . ' / 



P5 Phf ^il ■ . \^ ' " . ^ . . 

3;i PhINT "THE (NftjMHEi. C^- ' UAl A^ > A Hfb lb 
Pk INT ^ 

37 hmINT "MChL data/ KLIaSE ! ! " ' 
3^ Pi^INT '*TUCj fCINiS DETEhMINfc A blhAIUHl LINE!" 
MO STOP 

50 FOft 1=1 IC N 

HEAL X* Y 
^0 LHl X15X1+X 

LET XPaV-)+yf-^ 
inci LEI S^S-*^X*Y 
1 I ^ Lr i <Y 1 ^Y 1 *Y 
l?nLEl^RsYp4Ytp 

1 30 NKXl I 

1 3b C^OhU^ 1 . 

I 3 7 Ct C ■ 1 C P 3 b 

1 1 s-x 1 * Y 1 /jv 

1 TjO LE7[i^>:^-X I tp^ 

16^'' Ltl X^X/L 

i 7M LE I ( Y 1 -^:*X 1 5 /N 

17S 

1h:^ '*SLOP^. *'X;" "INlPnCE^^l 'M^ 

1 Lfc T Y 3 = SP}^ C C YP" Y M P / N- D*M t p ) / c N-P ) ) * 

L^ 7 MP-Y3/S0K( IJ) 

P10 FhlNl '*DEU. ••MP,*'UEWIAi ION "Y3 

PP'"* rf^INT 

P3n ^^fc"IUhN 
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! LI ST 350* 610 . ' / ■ . ' 

\ 950 STOP 

Lfcl C^2*LCLCN/i 15/8.3 
?70 PRim "REJECl ULUtLl "C'b I UI^P*' 

PF INT . ' ^. ' 

POn fCH 1^1 JO N \ * 

23.^ HEAD y ' 

310 LET D= C V-B-.<*> )>Y 3 
31 S Pt;INt Di ^ 
315 IF ^ABS(D)<C INElN 360 

3Pn PRINT " ",-POIM C-XIVI") IS A SII^s^KEh wILL DIbCAnD" 

3?i LET H-H-^'l ; . ' . 

3^5 LET Xlixi-X ' 
34:^ LIT >'P = XS-XtH 
3^5 LET S=S-Xj^Y 

35n LEI Yl^Yl-Y • ^ 

35b LET YP-Ya^Yfg 
356 GOTO 365 
360 PMNT ^ 

36 5 M EXT I ^ 

37 0 IF THEN 38 7 
^ 375 LEI N=^j-R 

377 FnINT 

3H0 PHINl •'urAH ••rg**DATA j-AlHS " 

3^5 GGSUB 1^0 
3^7 Pf Iisji 

390 PHINl ''YOU J^iAt NOU INPUT X wALLjES*' 
395 PHINl 

^("^^ PhlNl "WHEN y\ lb"; 

^10 INPUl X ^ 
FKINT Y IS "l«*X*B . 

i 430 GOTO 395 " ^ 

501 DATA 31.5nfl,511* 40,986. 5 b * 9B b , 8 98 . fea 1 
50P DATA bH. 96b. 'H0,02* 1274.52, 1 1 6 . 0 1 9 . 1 B 3 6 • 0B 

610 END 
HEADY 

\ 
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GAUSS (1) 



GAUSS 6 



This program computas the centroid b£ a Gaussian distribution 
and cohtinues with a leait^squares fit of the data. 

While primarily intended^' for' use in analyzing the photopeaks 
in multichannel scintiMation spectra^ tha program also serves Si (Li) 
and Ga(Li) spectra^ provided there are a sufficient nianbfcr of 
channel's in the peaks . \ 



^Selected data from the peak is raad^from a data block and theri 
are options available during a run. 



INPUT 



Directions for preparing the data are contained in the form 
of r^arks in the program and amn be called by typings LIST 

1,8 : 



OPTIONS 



1. Stripping correction t 

Input the count in the channels just above the peak 
that represent the avGrage of th/fe continuum upon 
which the peak is resting- This will be subtracted 
from the count in each channel used in fitting the 
peak. Input zer^ , if desired^ 

2* Counting Interval: 

When asked, input the live time used in making Uie 
spectrum. The count-rate of the peak will then be 
compljted. 

3* Exit with CTR^/C 



OUTPUT 



The peak centroid 

2 . The peak maKimum 

3. The peak integral 

4. The rGsolution 

5. The peak counting rate 



GAUSS (4) 
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K&TIONALE 



b m Ejcy- gxgY/N 
EF-(Z»)'=/N 

yg » EXPt(Ey-lEx)/N] 

p = 1 x/i^S 
X. V b 



X channel nmnber 
y a count 

Kq centroid of peak 



X 



In y 

N the number of data pairs 
b the Gaussian constant' 
y the count at the centroid, x 
Ly the integral of the Gaussian 
p the resolution ' / 



% 
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GAUSS (3) 




LIST 

1 REM GAUSSIAN LEAST- SQpARES PHOGRAM 

2 REM 

3 REM PREPARE DATA BLOCK BEGINNING WITH LVnL ^00 

4 REM XI IS CHNL NO. AT HALF-HT# LOW SlDt OF PEAK 

5 REM Yl IS COUNT IN CHNL XI 

6 REM 400 DATA Y 1 * Y2j Y3* • • • • • • YN*0 

7 REM YN SHOULD BE ABOUT THE SAME AS Yl 

8 REM TERMINATE DATA STRING WITH A Z^EHO' 
10 PRINT "STRIPPING CORRECTION"! ^ 
15 INPUT C 
20 READ X 
95 READ "Y 

30 IF y'^0^THEN 55 ' 
3S LET Y-Y-C 
35 LEI YS^Y3*Yt2 
40 LET Y3^Y3*X*YtP 

LET X-X+1 
50 GOTO S5 
55 LET X3^Y3/Y2 

5a PRINT ' 
60 PRINT ••CENTROID IS"INTCl00*x3+*5)/100 

70 RESTOhE 
7 5 HEAD A 
80 READ Y 

85 IF Y=0 THEN 150 
90 LET Y^LOGC Y^C ) 

100 LET X^(A-X3)fa 

1 10 LET X 1 ^X 1 

1 1 5 LET XS-Xa-^X tg 

180 LET S^S+X*Y 

195 LET Y 1 ^Y 1 +Y 

130 LET A-A+1 

135 LET N=N+1 

14jl GOTO H0 

150 LET M^S-Xl*Yl/rg 

155 LET DsX9*X 1 ffi/N 

160 LET H=rt/D 

165 LET Y0^CY1 -B*X 1 )/N 

180 LEI H^3* 141 59 

190 LET H=INT(EKPCY0) ) 
P00 PRINT "MAX* PEAK HT*"H 
905 LET S-H*S0R( ABS(P/B ) ) 
910 PRINT "INTEGHAL OF PEAK" INI CS) 
915 LET R-100*SQRCLOG( *5)/B)*9/X3 
920 PRINT "RESOLUTION"INT( 100*R+»5)yi00" %" 
300 PRINT \ 
310 PRINT "COUNTING I NTERUAL ( M I N ) " J 
320 INPUT T 



^ , , FLUX(l) 2j9 

This program computaa tfie neutron flux of an'irradiation facility 

on tho basis of the activity induced in a monitor. ' , I 

All data id input into the running prograin and there is an option 
concerning the meaourament of the absolute activity of the monitor. 
It is, however, assumed that 3x3=inch Nai(Tl) scintillation detectors 
will be used, - 



INPUT 



1. Element used fo^ flux monitor 

2. Isotope, half-Alifei units 

3. Monitor weight, %, element 

4. Term of irradiation 

5. Photopeak count observed 

6. Live time 

7. Wait time 

8. Clock time 

9. Energy of gamma emission measured 

10. Absolute intensity of emission 

11. Reaction cross section 

12. Isotopic abundance of target nuclide 

13. Atomic weight of element. 



OUTPUT 



.the computed neutron flux, n/sqcm^suc 



OPTION 



At the beginning of a run, answer "Y^' or "N'* regarding the use of 
a Cs-137 standard, 

A "Y'' response permits input regarding the Cs-137 standard 

1. The net CPM^in the photopeak 

2. The number of 662 KeV photons/min 

Tho counting yield is computed and the program proceed^ to the * 
input listed above. 

A '^N" response assumes that the low=levol counting station is being 
used for measurement and the calibration for this facility is applied. 
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^ # - ^ v r FLUX (3) 



LIST ■ ' , ' 

P0 PRINT "WAS CS-137 STANDARD COUNTtDCY Oh N)"! 
. 25 INPUT AS » / ' 

,30 IF AS«"Y" THEN 400 ' " ' . 

35 LET •089 ' . ^ 

40 PRINT 

45 .PRINT ••ELEMENT USED FOR FLUX MONnuH"! 
50 INPUT ES 

bb PRINT ••ISOTOPE^ HALF-LIFE* UN I ^ S( M I N j Hh ) " J ' 
60 INPUl ISjT#U£ 
65 LEI L-LQG(2)/1 
70 PRINT 

75 PRINT "^iONITOf^ WT - ( MG ) * %"fuS I '> 
80 INPUT W,P0 

R5 PHINl '* TEhM OF IHRADiAlION IN '^USi . ^ . 

on INPUT 15 ' ^ 

95 LET 1 -EXHC -L*l 5 ) ^ 

100 PFUNl " COUNiS OBStJ-UtU"l ' 

105 INPUT N 

110 PHINT " LIUE "'tL'^ECMIN)"; 
lib INPUT T3 

120 PRINT " kAlT IIME IN "USi 

IPS INPUT 11/ \ y 

130 IF US = "MIN'' THEN 170^ ^ / 

140 LET H-N/CT3*E>JpC-L*Tl ) ) 

150 GOlO 200 

170 PHINT *' CLOCK ilMECiMIN)"! 
. 175 INFUl T8' ^ ' * . 

180 LEl N = N*T2/T3' * 
185 LET )v=N*L/C EXFC -L*'I 1 ) -EXP< -L* C 1 I +1 2 3 5 ) 
200 PRINT 

03^1 PHINI **UAMMA h^Kf.GY >jEA5UnEDc KEW ) # Ab # I 1 * C % ) " ; 
23b INPUT E* I 
240 LET K^E/l-nu^ 

ffbb LET A- C Y * I ) * 1 00/60 . 

2^0 F^hlNl "CiaiSS SEC I I ONC BAHNS ; 

26 5 INF^Ui C ' ^ . 
P70 PFUt^l '•A^MiNDANCE Oh lAl.UEi i^j Ut:L I UE C % ) " I 

27 5^ INPUl i 

280 ^M^^1 *'AIt(^IC Ui. OK "ESi 

2f<b INPUl vA^ 

P90 LEI ^ = U/U0*r0/100*H/100*6-iV3Ei-2i1 

P9b LFT F^A/C N*n * 1 t -24*S ) ■ / 

100 PhliNpl 

31,0 PhlNl .t.hLiJX IS^'h" NEulb./bQCM-bEC'' 

320 blOF ■ ^ , 

4^^ HHirsjT " C^!% Ifv iHUiCPEAK"! 

4 ^ ^ I M K u i ' . , ■ ■ - 

^410 PFii:^! " 662 Kb:u PHC 1 ONS/I'i I I 

415 INPUT G ' — 



RUTHERFORD SCATTERING' PROGRAM 



10 PRINT "RUTHERFORD SCATTERING PROGRAM" 

15 PRINT / 

20 PRINT "Z1,Z2"; ■ 

SO INPUT Z1,Z2 

40 PRINT "ENERGY"; 

50 INPUT E 

60 PRINT "ANGLE INCREMENT"; 
70- INPUT D 
75 PRINT 

80 PRINT "ANGLE" , "DS/DO" 
100 FOR A=5 TO 18 STEP D 
110 PRINT A, 
115 LET X^A/114 . 6 

130 /PRINT 1.296* (Zl*Z2/E)t 2/(SIN(X)t 4) 
140 NEXT A 
150 END' 



READY 



Appendix III 

Rei.ctQr and Accelerator^ Paclllty Sharing ^og^am 

Wie following is a list of colleges^ universities ^ and institutes that 
have expressed a wlllin@iess to do oollabormtlve work with their r^dtors 
and accelerators. If you are interested in going to these facilities for 
an exper'ljnent 5 tour ^ or denionstrationj a letter of Inquli^? trom your pro- 
fessor should be directed to the proper Individual listed on the next few 
pages . . t 

The authors wish to exi:)ress theli^ appreciation to ORTEC^ Inc , Oak Ridges 
Tennessee and to the Special Projects Office^ Oak Ridge Associated Universities ^ 
for helping with the conpllation of this infonnatlon- 



REACTOR FACILITY SHARING PROGRAM 



University of Artiom 



I 'MiV-fM f V . .f Aii.-t uui 

Briglu,m Young Univers„y U, Uw,„l„ R D, v, Pnn) ' ''i ! ' 



University of Californja 



Cathofic University ' Df 'fr^V; [J- uf -h 

Colorudo Sftitfr Univorsiry 



IV.) 



-^f M (j Oj'.of) 
I urn bin Uniuprsitv f^* r i . 



fnfnj(un. U C. :>{)()] 7 



Cornell University " P^nU~-,.n m^.m ■ Nmw Yur f tm v h )()- / 

^ 'f f If -11 i Jruvi 'f \irv 

University Of Delawdre h: Bm-Mf ' .^ i i ' '.i-i. N-w V' n f MMS( i 



iJfiivi'fMly (if Di:l,i\V !M' 



University Of Florida i P,-h..M- f !■ ' i' w.r f J jmK, .v.p ■ ] ' ) / i ] 

torg,. Instltufoof tf^ M,,,, Nm^T.^'r 7 r ' '''''' ^.t- ...... -nus n....K,r 

University Of Illinois. [jr (,^. .^Ul P h ■ ^ AiUnfu, G.M.r(|M .:,j,p-. 



lowd State University [jf f,|,.,,^, .^i . M i ./ r >r, h ] ) ] ^ 'Mi H i [ m i^s.-cl) 



Kjns^js State Ui 



1'versity \), ( , ,^ j, 



University of Kansas 



- \ ' i n i( <K\ I ' i: II i 1 I 1 

I[r:-M! Nil, I,.,,, 



Lowoll Technologiciil i i, I , ■ I ,„ ^<'V' - . r .nv, , i ,h( i M 

Institute I r ' ' '!f''^'-Nh .il J i'.^ri 

Marqueitti Ufiiversity [ ), , f,, - , ^ i ' ■vvHi . fv,,r. u: f . .f h, f n MF4 

„:,:::;: , '-p;;::;::'';^''a;a\ 



Facility 



REACTOR FACILITY SHARING PROGRAM (Continued) 



Contact 



Addreis 



Facility Description 



UiiiviMsity of Mdryldfid 



of Technology 



• Univf^rsity fit Mi(:)Htj<!ii 

Univt'rsity of Missoufi 
(Columbia) 

Univf>rs!ty nf Missoiiri 

(RoILj) 
Ufiiversity of Nevadn 



(-.;! I' 'inh , il [ it! ji! It .f fi j(j 

IJi Willi. III! f i'ti 
f^lp .<.M, . I ,!. J, 

I )f A I i t 'iKii. Mr, 
I )irt'. Imi 

iJf . [ ) R [ 'Iw.inls 

I.) 1 !■ 11 I P I i Wt '! 

L)'^; M! if!M;ri! ■ )\ Pfiysi- 



University of Now Mexico [ )r 'R, [ i - [ > .[hj ,,r 

[ Jf l) l< ■MM A IVI I.IM 



States University of 
Nevv York (Btiffdio) 



N e w Y o r k U n i v f i r -i 1 1 y 
QliKi Univf.TMty 
UnivfT'.ify of OH<ih()mii 

Old Dornininri Uf)ivf.*rsity 

Oregon Sltitf' Univt-rsi ty 

Pennsy Ivfiriin ^tate 
University ^ 

Univgrsity of Puerto Rico 
Purdue University 

Reed C( H |{H)t' 



[ J. ■[..if [liM^fll 

I )r- Alli .I-r i 



Mi f :h if [. [J. Ml i u' 

1 Jf ( Jl.Jfl.-. .\ ,[,iJ, 

I IMM Ml , .1 fir,' 

[ )i [ i.ivid I 

I )lM ■■ !■ , fJ:!' [.Ml 

I.J' I in n I L.w.irJ 
I I'Mi iiM"Mf - .i" T'l: , ■ 

n f I I . ! r f \ i !'.!•■ r d . I y 
Pliy?^!. D^iMrOM.'Mi 

IJl (jmmI. iM H. .i ililM If 

Nm. I.Mf H^M- [-.r 

r,h iiiiv 

\ hirr J [ji . 'WM A 



Uf iiv' 1 ■•;! i y-M 4- M,ir ^^-Imf id 
CuihHjf' Piir k, Mrif ykji id 

( MMii )i I h \ ' '.!';'.•!' I 'i rii is 
! i; ' k 

f hi!!, in :'if,f h ■ l kiivMi ,1 1 
i . r-.l I . iM'.ir |f !, Mi( t ■)! j, IM 

I 'Mivi-r-.ily I'i Ml. liMhiM 
Ann Ai 1 iMf , ^M. ! n( j.ii i 4; ■; 1 ! 

I{<-M,1M h l;>M, twl 

1 IniVMi SI \\ ^ il Mi-,';^ M ij^i 

!..ulll!i||)|,i, MliSSlMiM (jfj^^iM 
\ \ Ji ilvMf M [ v,' , )i" Jllf I 

hiujki^ Miss'Hifi I 

UnivniMly ul Nf-v.idj 

Univ. ! ' f r ■■.v M"v I, , , 
Alkji 101 i';n I' Ms^\' Mi ■ i 

i-i.H.h'J-lhi f kHi 

'.!.!!'■ Ui iiv ■! ii t y ■ '-l 
M-vV Y )f A Bijtf 

Nrr/ Y' .1 \ 1 .];A4 

N' 'W y<)j\ I h ^iv' '1 sO 

(ilil^ . UlifM'n,iI\ 

/Almr,. ! ih,. ■■]',/{)] 

I IniVMf M !\ ■ .1 1 )f l.it,. .ill,; 

' 'I )' , A ,1 A ,1 A i "n i l; 
rAniiMfi, ( )i i.iii.iHM / ^(i()A 

■ Aid I }MMHIii-M i MmV-IM-. 

kj' ir k^lr , Vir-jiMi.i !A( )A 
^Un^ij' 'II Ski!'' kJnivfM'-Oy 
Amiv.iMis, Ai-MMrs 97AA() 
P-fnisylv.i!ii,-i At.ik.' - 
iiniv^fMlyA knv. f f^^r^ ^ 

P-M[|-A-tvMril.J 1 t.AU;' 

f^i-flu f Jn I.m; a- ni-r 

A-ll-()" Amn. .n, fA .mw y 
f^MT!. . Hi~ : ■ :jA/i I,. 

i ni )i M' - 'f I [ i- 1 



■I ! I. :ni ) I 



h MW t.Hih tyf.fi. 
fu!.:ivy w-i k T (.t..!c>k-»d 

.Hid ilK fCk >f . I !(.'(] 

:AAk^ VV 1 f Hhi 



:* MW >, 'I >fi 1 ( H H .i 
]() MW kiM^ lyp*^ 

Arj(.)A..W (M ,n )! [y |]t> 

f Ji irifMr Chif .i 
^)UOU sol)! rifK 
[rdininf) rfa-ir.lor 

ACjN 20 IM 



1 ill' '("!■ lit jn *,wi ! I ) i M If )lj 

A!>M AolM 

f An ,il f,H lilts 

AliN A 1 A M i| 1^ 



If HMi i nj \",v n 
AMW rrifi,, "■ 



M\\' ] r h|, 1 wdfi Ak^k)0 



Rensseltier Pnlytt'' ! m fA I 

institutr ; 



N-w M .1 ^ 



Ml h ^1! A , f I 



REACTOR FACILITY SHARING PROGRAM ( ..ontinued) 



Facility 

Rfiode Island NiJctG*ar 
Science Center 



Stranford Universit 



V 



Text3sA&M University 
Nuclear Science Center 

University of Texas 
(Austin) 

University of Utah 



Virginia Polytechnic 
Institute 

University of Virofli^a 



V i r^r 



Washington S/ate 

University / 
U n i ve r si t y,.jm W i sco ns i n 



Worcester Polytechnic 
Institute 



Contact 



Ur. Thuirh-is ..1. CorwHjny 



Dr. jMhfi D R.-ifirj.ill 

DlMM..t< If 

Dr. Sun 4i(!n J, G.ic]t' 

Dr G. Snnfifjiiisi 

AsSirUrint Prnff;;sf)r 

Dof ),irirn!:M 1 1 ijl 

MfM f),ifi[( ,)l EfHjnuM^r jfif| 
Dr AfiiifHW Huiif^siHi 

Nil' IfSjf" Efitjirii^iM ifi(j 

f *f J D Mc'fM 

nijif 'f If)!) 
[ )r i.v'i 11 1)! ■ VV hh[ tin. i! ? 

Df R J, C,i',hw;li 



University of Wy 



ominc] 



D'MMrl[Mf\'fU nf 

'^^'^ h IMl' , )| f f |!]lf iiM T li 1! j 

Di D .1, Pruwv 



Address 

Hiiisdi' isl.ifici Nil' i'Mi S' i''n> i 
CVfiti'i, !'j!'iith [[y riuiiii 
Nfjrf c](),jf'i:;' ft, h- idi' isliini] 
U28H2 

NucNifir Ef)(jir' f intj Qivi'-iofj 

Stniifurcl Ur tu 'jrsi ty 

SltJnforrJ^ CnliforniM f)4;i0b 
Toxds AdN^ Univorsiiv 

CijikKjo S' ;ion, T(;x.is 7784:: 
UnrvMrsiiy ' T^'XriS t)t Austin 

Austin, Tf'xns 7871?>. 

■ NiK:N;ur rjnciinsM'rinfj . 
Ldi)u r"u [(tify 
Univf.?r.m !y ijf U t.i! i 
Sail Lak-i Cily^ UtcilK84 1 1 2 
Viff|inh:j Poly h-, hni, 

Uf Hvt:'f r;i t y I )f ViniiMLi 
( 1. if lu t tsvi i !• Vir !jif iij 

VV;ishiMijl(]n Stj[- UniVfrsily 
Piiilfnan, VVasfiifKjturi OH UYj 

Uf iivr Si ty ' )f VVisf .tjf iNii i 
Hn?i!:[fjr LNljur,:if(jry 

1 K J 1 a r "II r c } I E n g i r i r ■ r ; r 1 1 u. | 
Biiildinq, iMnclisufi, 

VVuf"! (^^Uf,w Poly {fi hnh 
Insiifiit'/, VVtjr! ostfT, 

Mhs'-,. hijs.'ics oifjfin 

Ur iiytjf"',! t y ; jf Wyumihi j 
LrirNfiiK.-, VVyonMntj P]2f')7(} 



Facilit 



Facility Description 

'J MW [iMnl typo 

1Q-KW t^nk ty()o 



ICKj-kVV p(i(iP[y()f..' with 

piiisifUl 
250 kW Trifu Mark I- 



.AGN 2mM (bW) 
ion f W A;"(^(;M.;nt 

! MW (iumI fyp.i 



1 MW ■.\r,i(\y sl.jt(>, 

2f)00-MW polsod Trifjci 
1-MW sff>ady stain, 
lOOO-MW pulsnd Tnya 



i O-k W p! .H>| typf? 
(Gnnf'f ,ii f- if 'i if ic:) 

L77 Gf?finral AtorTiii.. 
RiMflor- 



ACCELERATOR SHARING PROGRAM 

i'. .1 I'M > Milcps, univ.MMln.s^ niuj ,,,:.! i ! 1 1 1, IIm! h.iy^ i.^prMv^^l wilfifH)fu)o; in do i ■ >1 k.hn rat ivP worf. 
If^'^'f a(;M>lorator:> Gofif.if^t ,jMy of \\ur.- fcJf.itdins foi d^Maik;^ 

Contact Addrnss . FaciUty Descriptjon 

Mis.iss.pp, State Un.varsdv ' ^P J. ^hn P :P , f ]..d ^y, i, n,y,.o,,P, P. f,, f.„|,., A. ...nh^rator^ 

^"^'^^ [-(UlaH.i-ifMS M (NHN.,^., M,.,.ro:oo, | d.Mi ouIm,,^ or ,-nn 

Rensselaer Polytf>chnic f H (j.^nm-i f p.Uf,, p,,,, Mm. 

iflStitUte , ■ If, 1 r f. \. ^ i ■ 

Universityy)! Utah !h y] y,Md;i,sr U r . ■ , , , t m ; .1 , j^^r A,y,MM>n-2]1 



^ ■ ■ s , I ' f.if . ; :d i i p N-- p/ :fi ( i.=i 



; lof 



Absolut e Dislnteg'^atlon Ra-teB for Some of the 
Most CoinmQnly Us ed X-Ray .arid 
(3c3innia Ba^y Calibration Soiai^ces 



Tliese twcD tables give the latest photon energj' fmd photons emitted 
per decay for some of the rriOGt corrmonly used X-ray and f^irnia ra,y soiux^es. 
The Reference list at the end of the Appendix p/lves the ^lources of data* 

The author wishes to express his appreciation to Dr. Richard W. 
Pink^ School of ChOTlstry^ Georgia Institute of Technology ^ Atlintaj 
Ciecorgla^ for allowini;^ us to use Ms data prior to publication. 







Table L 








Standardisation Sources 




Nuclide 


Daiagtiter 


Radiation 

- 


. PilOton &ierf^ 
(Kev) 


Photon Srilttftd Per 
-Decay 


Am-2itl 


Np=237 


M^'X rayn 




0.0635 + 0.0060 (b) 






QL 




0.135 + 0,003 (c) 


T-1/2 =p 
1.58;10''d 




L X royo 


17.8 


0.202 + 0.00^1 (d) 






L X ravp. 
Y 


20.8 


0. 050 + 0. 001, 






T ray 
Y ray 


26. n 
59. 5^1 


0.025 + 0,002 
0.359 + 0.006 


Co- 57 - 


FC--57 


K X ray:; 


6. ^16 


0.553 + 0.015 (e) 






Y ray 


1^.36 


0.095 t 0.002 (f) 


T-1/2 = ^ 
2.7l6*10''d 




Y ray 


121.97 


0.856 + 0.003 (f) 






Y ray 


136.33 


0.1075 + 0,003 (f) 


^ Co-60 


rJi-60 


my 


1173.23 


0, 007^1 + 0.0005 






my 


1332 . ■'i'") 


0,0085 + 0.0003 


1322. ^(cl 










Cs^l37 


te=l37 


. .V I ayo 


^i'l . ^ 


0.0702 + 0.0022 (p:) 


T-1/2 ^ 




i A I "a// ! ' 


J' ' 1 


0.0567 + O.D018 (h) 


l,117ao''d 




K,, ;■; ra.yn 




0.013^^5 + 0,000^8(h) 






Y ray 


661.635 


O.S51 + 0.005 (f:) 


Hf;-203 


T 1-203 


K X r^vi'^ 
a 


72 - R7 


0.0977 + 0.005 (1) 


T-1/2 - 




, X rav^^ 




0. 0273 + 0-, 002 (1 ) 






Y r^ay 




0.8155 + 0.015 






. . , r . 




o.yon a 0, 00? (:] ) 


- -L'^ -■ ■■) 




Y J -a;/ 




1,000 


3.12f>10^"(i 











X 



ERIC 



Table I 5 continued 



0 



Nuclide 


Daugtiter 


Radiation 


Photon KneiT^y 
(Kev) 


Photon FlTittted Per 
Decay 


Na-22 




Y ray 


127^1.55 


0,9995 + 0.0002 


T^l/2 = 
950.3d 










Y-88 

T^l/2 ^ 
1.066*10"d 


Sr^88 


K X ravn 

Y ^'^y 

Y ray 


1.836.0 


0.63^Q + 0.0032 (k) 
0.91^1 + 0,007 
0.99^1 + 0,001 

. .. 







Table 


5 II 
























r" 
















8 1 cLTidar d 1 2a^ 


Z' Ion Soiccpr. 








Nuclide 




I K'i I 1 rrHi" c^Y~^ 
J.>_iti^^ .,1 1 U t_-J 


fU_-U J .J_ U J (, JJ i 


^ ^ r'\ f""'^ i f"^ >M I ' y~\ ^^'-i V' \ f 

i [ KJ i^uf I 1 J \jj I \ y 


! I lU uOi 1 1 ilLL U Le 


U J 












(Kev) 


Decay 






Ta-182 




W-182 


Y ray 


8'i . 68: 


' ^ 18.5 


(l 


.) 








V ray 


:i no . 1 


100,0 


(t 










Y rny 


113.7 


13.9 












r r"'ay 


1:16 Ji 


3.17 












y rm/ 


15?.'l 


51. y 












f ray 


186 Jl 


1^,R 












Y ro,\/ 


179. '1 


£^ .J ^ 












Y ray 


1D8.3-'. 


10. B 












Y rny 


222.1 


^ ^ 55.7 












r r^ay 




PR , ^ 












!''iy 


;'6i(.-i 

^ 


pr. /I 







ERIC 



FODTNOTRS 
Table I 

M x-rays fVom the decay of Am^2^1 are npread f¥orn about 3 to 5.6 KeV. 
Specla2 caution ohould be exerclBeci with germariiLjm detectors smce 
the K_ and escape In ^ennaiTLiirTi Trom the 11, q KeV L nf Am-^2^1 fall 
Within the M x-ray region of Am-24l. 
Ref. 1 

All values other thjaii those footnoted are an given by lAEAg Vienna. 
Ref. 2 

Galculatii-Tg using X/y(14) - 5.82 f>om Ref, 3 
Using the data, listed in r^ef. 4 

Using a,, and y/dlB. frcm Ref. ^ .and tu,. from Rpf. fi. 
Using Kg/K^^ ^ 0.2370 + 0.0(D^I8 ftxrn Ref. 7. 

The origtoal values an supplied by IAEA, Vienna ^ have been corTected 

for the K/K Intensity ratio riven in Rr-f . 7 

Computed using an average value of Rj^^j^ -- 0.250 + 0.002. 

Corrputed using P..uv ^ 0.63^0 + O.0O32 frnrn Ref. R. 

ro01WC)TE3 

' ' Table II 

All values given in this table are nomalised to the 100.1 KeV y ray. 
An average of values given in Refn. 9 aiid 10. 
An average of values giv^^^ in Refs. 2^ and 10. 



2 a 



y 

K 
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X-Ray Critical-Absorption and 
Emission Energies in kev 



Phyiiciil Consfcints 



By S. SINE and C. HlNOEl 
Phthpa LnhnfaterFxrs 

Ir\rfr;uio,i y.n of rnin^N ■pr.>pnrLinnjii 
d'Mi'!-t«<f l.-r X-r;i\« [rt^ rrr itrfj fx nnrjj 
knm tnl.ip ,.f puf^y^s Vfiliirji of K tiud 

tlll'.H-l hv n .MM!NPr*=ir^fi tn kpv of tftbll- 

f/ -- I . ^f>n\,' jirp fpftfn prfvjnii*^ pnprgy- 
vftl.j,' r. FiipihitiMfi^ f^, 3)_ Whfie a 

thr onr fif-i i , r^H ir -m Utpf work. Cfr- 
tftin vrtiijf^ wrrp firtprminpd hy inter- 
pfilHtfon. iivinf MtJpripy's law, (Ail 
this fs anfifitritr^i m ftwitnnt^ ) 



The rnnvrr^inn oqufitinn^ rrhvtmg 

£' ( kev) - ( r j anr. u f n mo \7) xik) 

- 12 I fKi2n2n hikX unit) 

In rnnifHitinii vfilupH t hr nunihrr of 
piare^ rrthinrH RiiirirpH tn mHihtAjn thp 
UnfrrtAinf y m Uir nn^in/ii pnurrp vnlur. 
Thp vslups in thp tfthlr Imvp hrrn li^tJiH 
unifnrmiv U") I ps-. I'lriv^pvpr, rhpnjirai 
fnrffi may shift ahsnrption pfjgM nn 
murh ft!j 10=-20 pv (4^ 5). 

In fii*rnvpr rnrn putftt lonnl frrnrp a 
He s*rt^ nia<ip tff Nfftiplpy's law. In 
K''npral the Vfilu^ wprp roru^i^fpnt, 
fiowpvpr there wfre a fev^ in pgyjariti*^ 
due to thf dpvifttinn fif s^nip input 
vshjffl (/). Thf^e wprp rptamed in the 



hndy nf the tnhir Init i\ srl ni waUip* 
CRiriiinteii to fit iirtter are fnntfinlpd, 
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2 
\ 
4 

6 
<^ 
7 
« 
9 
10 
1 1 
12 
13 
14 
15 
1^ 
17 
lA 

ly 

20 
21 
22 
23 
24 
26 

37 
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30 



ISO 



L i t h j 1 1 (Tl 
H#r vUium 

Fhiof m» 
Nf^n 
^~*fi I u m 

A lu fn inumi 

Hihrnn 

r'hnnphi>riis 

A f jfjij 
(J>lriurn 
TitfcniUfn 
f rnmi um 
If nn 



0 uiioi 
0 024^1 

0 OSS 

0 uai 

0 ie2t 

0 2S1 
0 399 
0 &31 

n ?yi7t 

0 874* 

«» 

303 

142 
470 
^18^ 

2m 

mi 



\ 

I 
1 

i 

3 
2 
2 
3 
3 
4 
4 

6 4^.1 

5 WSH 

6 ^17 
■ ill 

7 7 09 

S 311 n 32« 
S ©AO S 97a 
9 5^ §357 



i 067 
1 29? 
1 ^ 
ft32 
139 
464 
Rl5 
192| 



3 549 
012 
4^ 



931 
427 

94 a 

490 
0.^7 
ft49 
3ft4 
9<H 
571 



l-yi LSi Ldi 



0 (\f i '2 
0 1 I (1 
0 IN .^ 



0 
0 
0 
0 
0 

1 
1 

1 4H7 
740 
0!5f 

sm 

ft22 
957 
313 
:fl9i 

510 
9,^2 
414 
H9n 
401 
930 
477 
047 
S3« 



2R2 

392 

623 

677 

fl5l| 

MI 

2S4 

1 4Ma 

1 719 

2 014 i 

2 304 
2 R21 

2 9Sft 

3 310 

3 ftMA 

4 ms 

4 FitH 
4 

5 ids 

f^ W 
n 915 

7 4'k) 
B 027 
B 615 



0 TM Ht 
0 0551 
0 0^3 
0 Onl 
0 ilH* 
0 153* 
0 193* 
0 23S* 
0 2H7* 
0 341*' 
0 39P* 
0 4R2* 
0 530* 
0 iMH* 
0 fl7U* 
0 7ft2* 
0 fl40* 

0 9^0* 

1 015* 
1 100* 
1 200^ 



0 n22t 
0 034 I 
0 0,'iO 
0 073** 
0 009** 
0 129| 
0 } A4 * • 
0 2M3| 
Q 24 7 »* 
0 297** 
0 352 
0 411** 
0 4nfi«* 
0 519** 
0 SH ri** 
0 A.^O** 
0 72\** 
0 794** 
0 H7 I** 
0 953 
3 045 



0 022 f 
0 034 I 
0 049 
0 072** 
0 09S*« 
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0 

n 
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i) 

0 4cy^** 

0 4 54** 
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0 8.53** 
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12^1 

1A3** 
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245** 
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0 
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0 




0 


452 


0 
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0 
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n 
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57 i 
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ft4 7 
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717 
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0 
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0 
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Ht.3 


1 ! 




1 1 
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1 1 




35 


l4r"tn.Ji# 


13 
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4fi5 
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1 1 
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K r ^ 1' ! nil 


14 


;rj.i 


14 


3 1 . ! 


14 


1 r-J 


1^ 


r,4H 


37 


Hut'i.iiufn 


I fi 


vol 


15 


I»4 


14 




13 


ju4 


3P 


Stf l.fH HI ft! 


1ft 


\m 


m 


0^3 


1.^ 


m:i4 


14 


li.4 


39 


U riij m 


17 


11,17 


17 


Oil 


irt 


7;m 


14 


'^57 


All 


Zi '■!! m m 


17 


fl'iN 


1 7 




if 




1,'i 


774 



4 1 
4i' 
43 
44 



4H 

4f^ 
6<) 
6J 

b2 
S3 
M 

M 
60 

61 

&:t 

ft4 

t^s 

6<^ 

67 
6H 
6Q 
70 

71 
72 
73 
74 
7S 

77 
7R 
79 
«0 

SI 
82 
«3 
§4 
86 

is 

»7 
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91 
92 
93 
94 
95 
9fl 
97 
9A 
99 

too 



PrQiKrilEliUia 
N^piun lyfTi 

Curium 
Oftli fnrniUrn 



iR mi 

20 0H2 
2\ 0^44 

^3 224 



Hlri>ini 
I. s ti t likn u ni 

f Ff 1 U Mi 

I 'rfc?^f ^ 1 V rfii una 
Ni'^.h M .unl 

J'flifflf t h: Ij ffi 

F i I r ' I {} I u m 
i iSiJ'ilfnlnfn 

H 111 rr>iuin 
Krhinni 
T h u 1 ! u m 
V tl^r Hi ijrTi 

I/Ulo* t Hi fTi 

Hftffi mm 
T*n f mlu fti 
Tun g^t#n 
llhen lUrf! 
O ^ fn 1 u oi 
iriiiiiirTi 
f Mat 1 h um 

M •ffuf y 
Thftlliiim 

fi.lf.r.iiun 

H ft Hon 

Kf snrjum 
Hftdium 

AetiDiufs 
Thnrium 




H4 904 
«7 343 
«y S33 
92 3^6 
94 976 
9R 41ft b7 6i6 
101 147 100 305 
103 927 103 04A 
106 759 103 
109 630 \m 671 

112 5A1 Hi 575 

U5 591 114 H9 

1 in 619 117 533 

121 720 12U 592 

124 ft76 123 7^ 

12« fWH 126 ft75 

131 367 130 101 

134 3 113 3H3 

13M 067 136 724 

J41 510 140 132 



94 «77 

97 4H3 

100 i3a 

102 ^46 

105 593 



72 ftrtO 
74 957 
77 097 
79 296 
SI 625 
fl3 Rod 
86 119 
SS 4R5 
90 N94 
93 334 



61 ,477 12 905 12 3H3 

27N 13 4i;i 12 ni9 

ft5 HI 13 R73 II ^HH 
60 9H0 14 353 13 733 
fiR RS4 14 H4 1 14 212 
70 R20 15 340 1 4 097 
72 794 15 N7r) 15 207 
74 mm 16 391 15 7ia 
76 mn 16 935 16 244 
m 956 17 490 16 7^4 
8i mo IS 05« 17 337 
83 243 18 ft3« 17 9<H 
85 446 19 233 18 481 
87 681 19 842 19 078 
89 942 20 460 19 688 
92 271 21 102 20 311 
94 648 21 753 20 943 
97 023 22 417 2 1 596 
99 457 23 097 22 262 
101 932 23 793 22 944 



13 ^17 15 740 

14 2 1 5 16 24 H 



9rt in 3M 
\2 r.a^i in 9m n) 7 iff, 

12 M3y 11 24 9 11 nnp 

13 :l7a 11 ;i^2 \\ 43Q 
1 1 1 923 1 1 H2A 

14 2Rfi 12 2r,H 12 210 10 im 
12 f\'2i) 12 fill 
12 977 13 021 

3 33« 13 441 



I J 70,'* 13 R73 



108 408 95 851 
1 II 289 98 428 
! 14 181 101 M5 
117 146 103 65.1 
120 163 106 351 
123 235 109 098 104 448 24 503 23 640 
126 362 111 896 107 033 25 230 24 352 
129 544 114 745 109 003 25 97l 25 OHi) 
132 7S1 1 17 646 I 12 244 26 729 25 S24 
136 075 120 598 1 ^ 926 27 503 26 584 



14 618 15 768 14 077 

15 028 17 301 14 459 
15 442 17 845 14 Hiy 

15 865 18 405 1 5 22? 

16 296 18 977 15 620 

19 731 19 559 16 022 



10 ^49 10 448 
lU HAfS 10 729 

11 11 014 
11 4 24 n 104 

14 316 11 724 II /.P7 

14 770 12 029 1 1 HVH 

15 233 12 338 12 J 94 

15 712 12 r.50 12 49Q 

16 200 12 9r,f, 12 808 

16 700 13 391 13 120 



17 163 20 163 16 425 17 218 13 ni3 13 4.1A 

17 614 20 774 le M37 17 740 13 945 13 T.SM 

18 Of.6 21 401 17 2h4 18 278 14 27@ 14 0^2 
18 525 22 042 17 677 I8^,f29 14 AlH 14 411 

18 990 22 699 IS I06='t9 393 14 961 14 743 

19 461 23 370 18 540 19 971 15 309 15 079 

19 938 24 056 iS 980 20 562 IS m\ 15 420 

20 4 2 2 24 7 68 1 9 4 2 6 21 l6fi ifi mq 15 7«4 
20 912 25 475 19 H79 21 785 16 379 Ifl 113 
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Relative Serisltlvitles of Elements To Neutron Activation. (ThenTml ) 

Th±B tabulation should be quite UBeful to echools that have either 
■ mi Isotoplc NeutTOn Source (l,e. Pu--Be) or a snmll CM52 Neutron Source, 
llie nimbers ai^e etqlmlly valid for thermallzed accelerator neutron soui^ces. 
InfoiTrmtlon In regai-^l to unknoms which are given In the activation 
ysls experijiTents In thlB manual can alao be extracted rrom this table 
ExperiJTientally xletermined oenBitivitles are relative to Aluminum. 
H1US5 if 1- mj.lllffl^am of AliamlnLirn can be meanured^ then the irradlatrlon 
a/id counting system is carjable of measiiring the listed quantities of 
e^lements iii mllll^mms. 

In each case^ the reaction product and gmma ener^ have been se- 
lected wliich give the best Interference^ft^ee sensitivlty^. 

Irradiation to saturation is assumed for nuclides having half-lives 
In seconds or minutes. An ovemiglit (l6-hour) irradiation :Is assumed 
.for the longer lived nuclides. 

Measurements. of the activities were made witli Nal(Tl) nclntillation 
detectorn. Sensitivity was assigned on the basis of the amount of element 
requli-'ed to provide a discharge couiht rate of 100 net dbiints per mdnute in 
the photope.ak indicated for the product nuclide. 

Ilie listed relative sensitivities would be 'approxmately the same id.th 
measurement using Ge(Li) dQtectors. LOTger counting perios are made nec^ 
eosary because of lower efficiency; and, henee^ very short--lLved activities 
can be expected to s?iow a decr'eased sensitivity, llie higher resolution of 
the Ge(Li)5 however, is an advantage when interfei^encns nre present. 
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Product 


AL « NO » 


SyiTibol 


Nuclide 
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F 




11 


Na 




12 


Mg 


%-27 


13 i 


Al 


Ai-28 


1^ ^ 


CI 




19 


K 


K^^2 


20 


Ca 


Ca^49 


21 


Sc 






Ti 


Ti-51 


23 


V . 


V-52 


n /i 
' 2 '-I 


Cr 


Cr-51 
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27 


Co 


C0-6OM 
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Ni 
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Cu 
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Zn 


Zn-69M 
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Ga 


Ga-72 
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Se 
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Br 




37 




Rb-86M / 


jO 


or"' 


"or-87M 
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lihi-10^4M 


46 


Pel 
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1 
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C5=-13^4IV1 


r t- 


iia 
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La^liJo 
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Ce--1^^3 
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Pr^J ^2 
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I'Xi 


RU-152M 
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Gd-^161 
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Tt) ' 
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ftelf-^Llfe 


Measured 


Relative 
Sensitlvl'^ 


11. 6s 


1634 


fin* 


15. Oh 


2754 


1.5 




8^4 


35.. 


2,3211' 


1779 


1.0 




2168 


8.0 


12. 4h 


1525 


.„ 28. 


8 . 8m 


^3084 -. 


260. 


18, 7s 


143 


0.03 


. 5* 79m 


320 


18. 


3.75m 


1434 


0.07 


27. 8d 


320 


85. 


2 . 58h 


847 


0.015 


10. 5n 


59 


0.23 




2*53h 


1482 • 


130. 




5.1f>n 


1039 


6.0 




iLlh 


439 


23. 




l^.lh 


835 


0.32 






140 


5.2 




2B . ilh 


559 


0.32 






162 


Q.27 




16.8m 


616 


0.80 




1 . 0?^ 

2.83h 


556 


5.0 ' 


16.13 


^ 389 
909 


3.0 

23. ' 


14. an 


307 


8.0 , 




724 


12. 




51 


0.03 


4.7m 


189 


5.5 


24n 


658 


0.35 




245 


18. 


53.7m 


1293 


O.OOr 


9 . 5ri 


331 


15. ' 


64. 3h 


564 


0.70 


24,8m 


150 


5.7 


25.aTi 


443 


0.30 




127 


(. , 40 


83, &n 


166 ---- 


3.2 


40. 2h 


1597 ^ 


0.80 


33. 7h 


293 




19. ?h 


1^76 


5.0 


104m 


211 


5.0 


46.81] 


103 


0.07 


9.3hr ^ 


n63 


o.ooSj 


3.6m 


360 




72d 


299 


a. 
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At, No. 


Sjnnbol 


Nuclide 
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Dv 




67 


Ho 




68 


Ep 




69 


Ihi 




70 


Yb 




71 


Ui 


IiJ=l 7fiM 


72 


Hf 


Wf_1 7QM 


73 


Ta 


Ik-l82 


7ii 
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¥-187 


75. 


Re 


Re-188 


76 


O3 


Os-193 


77 


It 


lr-192 


78 ^ 


Pt 


■ Pt-199 


79' 


Au 


Au-198 


80 


Hg 


Hg-197 
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^GTw lb 1 Vi uy 


2. 32h 




n ni 
U. Ul 


26 8h 


ui. 




7.52h 


308 




129d, 


OH 


on 


lOlh 




1 c 


^ 7h 


00 


n 0 
Ui d 


18.6s 


01 Li 




115, d 






24. Oh 


686 




16. 7h 


155 


0.07 


31. 5h . 


139 


35. 


7^. 2d 


317 ; 


0.3 


31. Om 


5^3 


25. 


6iJ.7h 


i)12 


0.027 


65. Oh 


78 


1.2 



NAA SQJSITIVITY 



.H ■ 

LI Be 
Na 



He 



Ca 



B "C N 0 

Al Si P S 



Ne 



CI Ar 



m)(Sr 



©©© ^' 



Zr Nb (Md) Tc 



Ft Ra Ac Iti Pa U 



Oa 




1 Po At Rn 



Low Sensitivity > 10 



Medium Sensitivity 0.1 - 10 
f. "l High Sensitivity < 0.1 
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APPENDIX VII 

, Major Qanma ^ys Observed In Neutron Actl-vmtlon AnalyslB 

The, following table InGludes only those nuclides n»st frequently 
observed as products of neutron bombardments. It Is ordered according 
to IncreaslJig enersr of a prominent ganma rayj deslgmted as E^, anltted 
■In the dec^ of the nuclide. 

If the nuclide Is present , It is highly likely that E, will show an 
appreciable Intensity In the spectrum and It thus serves as a key to the"^ 
Identity of the nuclide. The half-life and associated gammas siiould than 
be consulted for confinnatlon. 

The last colinm shovra the sensitivity relative to that for alumlnwn, 
assuming that to adequate irradiation has been performed. This too, can' 
be of help In eliminating unlikely prospects and confirming an identifi- 
cation. 
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MAJOR qAM^ RAYS. NAa' 

(Enifgies In KeV) 





NUCLIDE 


T-1/2 


Ea 


ii 


El. 


- - -* ' 

SENS 


51 


Rh-104M 


4,3 m 


78 


97 




0,03 


59 


CQ-60M 


10, 5 m 








0.23 


78 


Hg-197 


65 h 


191 






1,2 


81 


Ho^l66 


26*8 h 


1380 


1582 




0,2 


88 


LU-176M 


3,7 h 








0^2 


95 


Dy-165 


^ 2,32h 


546 


361 


635 


0,01 


103 


Sm-153 


46,8 h 


70 






0.07 


104 


Sm-'ISS 


23. 5 m 


246 


141 




0,1 


108 


Dy-165M 


75.6 s 


514 


360 




0.04 


127 


CS-134M 


2,9 h 








0.4 


140 


Ge=75M 


48 a 








5,2 


143 


SC-46M 


18,7 B 








0,03 


150 


Te-131 


24,8 m 


452 


1147 


491 


5.7 


155 


Re-188 


16.7 h 


633 


478 




# 0,07 


162 


Se^77M 


17.4 3 








0.27 


166 


Ba-139 


83 m 








3.2 


189 


Pd^l09 


4,7 m 


1420 






5-5 


21 1 


Nd-149 


104 m 


114 


270^ 








Hf^l79M 


18.6 s 


161 






0,05 


24 5 


Cd^lllM 


49 m 


150 






18.0 


293 


C 6^143 


33.7 h 


57 


664 






307 


Tc-lOl (Mo) 


14,2 m 


545 


130 


184 


8.0 


30e. 


Eb-'171 


7.52h 










317 


Ir-192 


74.2 d 


468 


308 


296 


0,3 


320 


Tl-51 


5,79m 


929 






18,0 


320 


Cr-51 


27,8 d 








85,0 


331 


Sn-125M 


9.5 m 








15,0 

















ERIC 



Pi . 


NUCLIpE 


T-1/2 


2 


E, 


** 


SBJS 


412 


Au-198 


64* 7 h 


O / 






0. 03 


439 


2n-69M 


14-1 h 








23.0 


443 


. 1-128 


25. 0 m 




3 / u 




0. 3 


511 


GU-64 


12 a h 










543 


Pt-li9 


31.0 m 


' 4Q4 






^5 . 0 


556 


Rb-86M 


1 . oan 








3 . U 


.559 


As-76 


26.4 h 


W ^ f 


J.£ J. b 




0,32 


564 


Sb=122 


64 . 3 h 


J 






0, 7 


616 


Br-80 


16.8 m 




ODD 




U. O ^ 


658 


Ag-110 


24-0 B 








0.35 


6S6 


W-187 


24.0 h 


480 


72 


134 


0-4 


. 724 


Radios 


4-4 h 


469 


ft 7 ^ 


Jib 


12.0 


776 


Br^82 


35-3 h 




ft 1 Q 


1 U44 


1 . 0 


834 


Ga-72 


14.1 h 




D J U 


£ bU / 


0. 3 


844 


Mg^28 


9 , 4€in 








3 5.0 


847 


Mn^56 


2 , 58h 




9 1 1 O 




0 . 01 


879 


Tb"160 


72 d 


^ ^ ? 






4 . 0 


909 


Y-89M 


16.1 s 








^ J . U 


963 


EU-152M 


9-3 h 


842 


122 


344 


0.008 


1039 


Cu^66 


5 . 10m 








6 .0 


1121 




115 d 


66 


^ ^ X 




J D . U 


1293 


In-i 1 6M 


m 


A W 3 / 


/1 1 7 


1 c ^ 


0. 006 


1434 


V^52 


3.75m 








U . u / 


1 W? 




2. 53h 


1115 


367 




130.0 


■ >25 


K-42 


12.4 h 








2c . U 


1576 


Pr-142 


19. 2 h 








5 . 0 


1597 


La-140 


40. 2 h 
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"5 n c5 


0. 8 


1634 


F-20 


11.6 s 








60 . 0 


1779 


Al-28 


2 . 3 3ni 








1 . 0 


1836 




17.8 m 


898 


2677 




1*0 


2168 


. ci-=3e 


37 . 3 m 








8 . 0 


2754 


Na^24 


15.0 h 


i= J DCS 






1 . 5 


3084 




Q Q ^ 
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' * - ^ APPENDIX IX 

Government Programs that, are Designed to, Help CollegeB and ,,. " 
Universities with the Funding of Educational Scientl&lc Equipment 

Thr„ee .agencies of the United States Government have had programs 
to assist colleges in the procurement of scientific equipment for ... 
instructional purposes. These programs are* in' addition to the 
various research, grant programs conducted by a number of agencies 
that^nclude the purchase of research equipment. Of course, use of 
such instructional equipment for student and staff research is ' 
enco\iraged, and it is important that the quality of the equipment 
be such that both functions may be served. 

I 

Atomic Energy Commission (Surplus Equipment Program) 

For current information write to: 

Administrator for Nuclear Energy 

Energy Research and Development Administration 

Washington, D. C. 20545 

National Science Foundati on 

For current information write to : 

Instructional Scientific Equipment Program 
Division of Undergraduate Education in Science 

National Science Foundation 

Washington, C, 20550 

United States jQffice of Educa tion 

Title VI of the Higher Education Act of 1965 is administered 
by the United States Office of Education, which offers support 
through matching-f und grants to institutions for the purchase 
of equipment to improve the quality of classroom instruction. 
It IS pertinent to note that Title VI directs that considerations 
be given to enrollment pressures and the financial needs of the 
proposing institution . 
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^ the S. Office qf, Muoatlon mid Ll*,nlnt:B f^ovemnentn. In p:eTOml, tlir 
stateo net *iip their own priority arid e}valuation criteria ^ m well saii the 
schedule for closing dates and awards. Pinal evaluation In rrade by th<% 
Office of Education and the ^ant is. made directly by the*Offlce of Mu- 
' • cation to the school. , ^ ' 

fiifonnatlon on this prograin should be requeBted rrom the appropriate 
state agency that is rfsponslble for higher education* This ml^it be the 
State Department of Education^ a Corrinission on Rlgher Education , or a con^ 
parable office. Requnntp, made for tnforTnatinn should include requests for 
copies of the pertinont Infomation on criteria aiid on the foiTTiat of the 
proposal Itself. Infoiimtlon regarding the grant program may also be ob- 
tained from the?, following: 

Chiefs College Ecqulpment Grant Section • ■ 

Bureau of Higher rducatlon 
United States Office of Education 
^00 l%i^yland Avenue 
Washington, D. C. 2020? 

s 

\ Tim closing date:?n range from October 15 to FebniaT^ 15 in vai^ious 

states. Contact your local office for inforrmtion on thin date. 

Iri orxier to take part In any of thonp prn/j^^arns, n f^n^posal must be 
written by the princ ipal invest, i rat. or' oxplaminp; what, he nopfis, what he 
plan^j to do and how lilj proj^osal will honofit liii^^he]' education. 

The experiments In this nmnual will help to arinwer the question, 
i- . "What cari be done hi nucMenr' nhem1 str'vV" . 

In wT'itlni^ this manual Ma ar«-- assign hiK tfiat thc^ reader fin:^ snme 
fainlllarity with basic i^ad In 1 sotope measurement: s . Tn th^ Genera] Appendix 
(Appendix I) at the end of the Manual vjn hive In^lud^d somn wiluatde infnr- 
matlon In regar'd to l lcenslnp; and Foderal r*^:^pi4lat Ions for Isotope use. A 
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PERIODIC T^BLe OF THE ELEMEI^^^ 

Table 6f Radloactiv^ Isotopes • • 
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TABLE OP PERIODIC PROPERTIES OP THE 

p«r€«nt Ionic Qharaettr ef m SingNi Ghtmieal Bdnd 






6^ 


ft! 


OJ 


M 




e4 


SJ 


&I 


OJ 


1J 


1,1 


ij 


ij 


U 


1<I 


14 


\J 






Lf 


11 


it 


%i 


t* 


U 






U 


If 


iJ 


1.1 


U 




SJ 


1 


3 


i 


t 


f 


13 


11 


II 


If 


li 


N 


34 


if 


41 


47 


S\ 




if 


13 


4f 




74 


H 




i? 


14 


u 


It 


II 


VI 


fl 



VHU 





mm 

i-.r 


m 

1*. 


to 

r 


MM 

II 


11*11 




It ] 




it 


■MB 








m 


m 

?r 




9' 
























Pi- 


m« 








mi- 


















? 






ii 


tl 


1 


fJ 














m 


-H 


[-■ - 






it 


1 






s 


D 


8 


0 
















u 








8 






9 


0 




















MM 
















= 1^1= It! 












































r til 





























IIIA 



IVA 



VA 



VIA 



VIIA 




□i m m uiiaii^ii 



fjji.^:ii3Qi m m m 



^^Ho444 o|ii ^^^^B 1^1 04n 

6j» law !Li« liM ^ wff IM* a jii l« Oiii I w ^ 

[IT n9ir»3 
1^ 0.1 l i I m 



m m 




ATOMIC KAORJI, .A(7U 
AfQMiC vOlUMt 

w/D 



IQNlZATtON iPitHG 

(Ml/. 



■BfcraoNiOATivrrf 

Ik'Cfil/g atSnill i) 
HlAT OF FUSION 

COfBUOAfKl (5) 



(!) Fw npfiHnfgt^n gHi^ (higtaf vabKi) grsu^ Oiida k Kidk if i^si h ft4i 
bsik If H him eM afflphsivriE ff be#! ^lofi si ■ itewrk Nitmurf sf celsf indkgfii 

(l)QCsfek, fast EMifittdf II afek, ls*f m**f*di ^ diai»«dj ^a^* 



SARGENT-WELCH 

SARGINT-WiLCH saENTIRC COMPANY 

7300 LINDER AVENUE, SKOKIE, ILUNOIS 60076 
mm * msmti « &mm « rmt • um • nia 
■Mui • pwtfEii. 1. 1 » iami, mi * TRMn, eniii 



(cB)/€i"7Em/^E/»t) 13) 



Catslof Num^if l^tlN^ 



253 



ERIC 



